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C.4 Maps of the diffracted intensity produced as described in the text.
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Introduction

Bacterial surface retention is a common and interesting problem, involving a
wide variety of technological fields of application, including, among others, agri-
food, biomedical devices, treatment of water, marine technologies. Despite its
relevance and diffusion, the problem has never found a simple, straightforward,
and unified picture, owing to the complexity of the basic processes of a nature
inherently at the border between different disciplines (physics, chemistry, biol-
ogy, etc.), and to the occurrence of different length scales of interest, ranging
from the nanoscopic to the macroscopic one.
Nonetheless, scientists have tried to find practical solutions to tune the amount
of surface bacterial biofilm, eventually suppressing contamination. Recently a
novel strategy, based on contrasting bacterial adhesion using surface roughness,
has emerged as a promising approach to realise an effective and long-lasting
treatment. Advantages with respect to conventional chemistry-based methods,
entailing deposition of a biocide layer, are the absence of chemicals, leading to
long-lasting properties, and the scale-up possibilities, ultimately depending on
the surface modification method and its efficiency. Among other approaches, ul-
trafast laser machining has been proposed as a versatile and effective method to
tailor surface roughness, also thanks to the availability in the industrial frame-
work of suitable sources operating at high fluence and large repetition rates.
In the present work, stainless steel (AISI 316L) surfaces have been laser textured
and assessed in terms of morphology and antibactericity. Furthermore, possibil-
ities offered by replication of the surface pattern onto flexible plastic substrates
via injection moulding have been explored within the project. The research
has been carried out in the frame of a broad international collaboration funded
by the European project TresClean. The thesis summarises the main activi-
ties performed by the candidate, aimed in particular at analysing the stainless
steel surfaces by optical profilometry and scanning probe microscopy, and at
identifying and evaluating relevant metrological parameters. Moreover, original
computational approaches have been developed in the present thesis in order
to simulate the dynamics of individual bacterial cells immersed in a fluid and
placed in proximity to rough surfaces mimicking those found in the produced
samples.
The present state-of-the-art in the knowledge of the processes enhancing or
inhibiting bacterial growth on surfaces textured at the micro- and nanoscale
includes several pictures, such as the sheltering effect, where the bacterial cell
is trapped inside a microstructured pattern, leading the adhesion probability
to increase, and the fakir effect, a biomimetic-inspired mechanism where the
presence of sharp and small-sized nanostructures is expected to reduce contact
area, hence adhesion probability, while enhancing mechanical stress of the bac-
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terial membrane. Such knowledge is, however, of a mostly qualitative nature.
In particular, two main ingredients can be identified whose absence hampers
drawing a more quantitative picture of the involved processes.
The first one is the lack of clearly identifiable parameters able to describe the
morphology of laser textured surfaces. In the present technological scenario,
laser machining can be accomplished by using an extremely large array of param-
eters, reflecting both the diverse features of presently available laser sources and
the deployment of different processing strategies, further to the use of many sub-
strate materials. Such a circumstance leads to a huge variety of morphologies,
as reported in the literature, showing patterns with strongly different charac-
teristics. One goal of the present thesis was to identify metrological parameters,
among those defined in the framework of ISO standards, enabling a straightfor-
ward and quantitative characterisation of the most relevant surface properties.
The goal has been accomplished by the candidate by using two distinct sur-
face diagnostic tools, optical profilometry available at University of Parma and
shear-force scanning probe microscopy at University of Pisa. Laser textured
samples produced within the international collaboration have been investigated
and the resulting topography maps, featuring distinctive pros and cons depend-
ing on the specific technique used, analysed in order to retrieve a variety of
surface areal parameters.
The morphological analysis revealed that, by varying the laser process param-
eters and the target crystallinity, surface features can be obtained leading to
markedly different metrological parameters. The link with antibacterial prop-
erties has then been assessed through a comparison with bacterial assays based
on ISO standards and carried out on the same samples.
The other missing ingredient relates with the overall complexity of the bacte-
rial growth processes, involving various phases from the adhesion of individual
bacterial cells to the formation of a biofilm. In particular, the thesis focuses
onto the initial stage involving individual bacterial cells in the planktonic state
(i. e. immersed in a fluid, a common situation in many applications, for instance
in food handling). Their dynamics is in fact expected to be strongly affected by
the surface properties, which can eventually lead to the occurrence of the above
mentioned sheltering and fakir effects. Therefore, a reliable description of such
an initial stage is crucial for achieving a robust knowledge of the involved phe-
nomena, which is in turn a key point in order to properly tune laser texturing
parameters for achieving tailored properties in the produced samples.
Despite a few experimental studies aimed at studying the dynamics and the
interactions between individual bacterial cells and surfaces can be found in the
literature, such investigations are extremely challenging, due to technological
limits in the experimental facilities, not able to adequately resolve the bacterial
surface physico-chemical properties at the length and time scales of interest.
As a consequence, a restricted set of information, furthermore often limited to
specific choices of surface material and bacterial species, is available, which is
not sufficient for the above mentioned purposes.
The approach devised in the present thesis is based on numerical simulations
of single bacterial cells immersed in a fluid and placed in proximity to rough
surfaces, computationally built according to the specific metrological features
experimentally found in the samples produced within the project. To this aim,
the candidate adapted numerical codes available in the literature originally con-
ceived for completely different purposes, i. e. the simulation of red blood cells
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in microfluidic devices, in order to properly describe the cell dynamics in such
conditions. A wide range of simulations has been made with the aim to obtain
statistically significant results. In the approach, two distinct classes of cells
have been considered, mimicking Staphylococcus Aureus and Escherichia Coli,
as representative of spheroidal Gram-positive, and rod-like Gram-negative bac-
teria, respectively. Further to being quite ubiquitous bacterial species, and to be
those actually employed in the bacterial assays carried out within the project,
the choice enabled investigating the effects of markedly different cellular shapes
and mechanical properties.
In the simulation, cells are treated as deformable objects interacting with both
fluid and surface through specific model equations. Calibration of the mechani-
cal properties of such deformable objects required a careful analysis of the data
available in the literature, typically stemming from a large variety of both mi-
croscopic and macroscopic observations. Being the simulation focused onto the
early stage of the bacterial contamination process, a physical model was used,
which treats cell/surface interactions through suitable expressions of interac-
tion potentials, whose validation was also accomplished through comparison
with available experimental results.
At the best of the candidate’s knowledge, the work carried out in the present
thesis is one of the very few attempts, if not the first one, to provide bacterial
contamination problems with a physical simulation and represents a truly orig-
inal contribution to the problem. Computational results led to interpret the
major features of the sheltering and fakir effects, and can offer predictions that
will be useful in designing textured surfaces, with the aim of employing their
roughness to tune the antibacterial behaviour.
Although restricted to the description of the initial stage of bacterial adhesion
and hence neglecting the possible chemical effects ruling the further growth of
bacterial biofilms, the main results of the present thesis pave the way for a more
detailed understanding of the bacterial growth process, being open to further
implementations able to simulate a wide range of experimental configurations
and surface patterns, of potential interest in the applications.

The structure of the thesis is as follows:

� in Chapter 1, the physical and chemical phenomena underlying bacterial
adhesion and biofilm growth are briefly reviewed in order to position the
topic of the thesis and highlight the present gaps in the relevant under-
standing, which the present thesis aims to fill.

� Chapter 2 is devoted to a concise description of the experimental tools
employed in the presented work, with special emphasis on optical pro-
filometry and shear-force scanning probe microscopy. The main results
of the morphological investigations performed during the thesis work are
summarised, along with the identification of suitable metrological param-
eters according to ISO standards. Furthermore, results of the bacterial
tests on several selected samples are reported.

� Chapter 3 is intended to provide the reader with the main motivations
pushing the candidate towards the deployment of numerical methods for
simulating the fluido-dynamics of single bacterial cells in the planktonic
state. Details of the computational approach, where bacterial cells are
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treated as deformable microscopic objects, are presented to point out ca-
pabilities and drawbacks of the adopted methods.

� In Chapter 4, the physico-chemical aspects beyond the description of the
bacterial cell walls are briefly summarised in order to highlight their rele-
vance within the frame of bacterial adhesion and its simulation.

� Chapter 5 proceeds with the discussion on the physical model developed
in the present work, discussing in particular the potential used to describe
the cell/substrate interaction and the relevant equations.

� Chapter 6 presents methods and results of the calibration procedures de-
ployed in the present work and aimed at tuning the simulation parameters
for the specific needs of the research.

� Finally, simulation results are briefly presented and discussed in Chapter
7, with special emphasis put onto the sheltering and the fakir effects.

� Further to Conclusions, the thesis reports also some additional material
in the form of Appendices.

The reported material is based on several papers co-authored by the candidate
and already published in international journals (in particular [32, 69, 74, 75,
76] for Chapters 1, 2, [112] for Chapters 3, 7). Other papers are presently in
preparation or in the submitted stage.



Chapter 1

Bacterial surface adhesion:
the state of the art

1.1 Introduction

With the term biofilm we intend an ensemble of cells embedded within a self-
produced matrix of Extracellular Polymeric Substance (EPS), that adheres to
the cells themselves and/or to a surface. In a first approximation, the forma-
tion of a bacterial biofilm is described as a two stage process: the first step is
characterised by a condition of proximity between a single bacterial cell and a
substrate, depending on the physico-chemical interactions between the substrate
and the cell itself. This phase is called reversible, since the adhesion energies
between the cell and the substrate are not large enough to grant an adhesive
stability against hydrodynamic turbulences; a second and irreversible phase fol-
lows, marked by an increase in the adhesion forces between the cell and the
substrate, due to the formation of cellular appendages, e. g. pili, fimbriae etc.
[1, 2]. The final stage of this sequence is defined mature biofilm, and consists of
clusters or layers of cells, which form a structure whose thickness can vary from
a few micrometres to several millimetres.
The clusters of cells are surrounded by EPS, and a network of channels can
provide nutrients to each cell and the capability to communicate [3]. This ses-
sile biofilm community can give rise to non-sessile individuals, defined planktonic
bacteria, that can diffuse into the surrounding medium [4]. In some cases, biofilm
formation is considered useful, for example for the prevention of the corrosion
of mild steel [5], the realisation of bioreactors that can find applications in the
purification of wastewater or in the production of vinegar or ethanol [6], or the
separation of metals from ores [7]. However, many efforts have been devoted to
produce interfaces whose function is to contrast bacterial attachment. First of
all, formation of biofilms is considered the most relevant factor determining in-
fections via many medical devices, designed to integrate with biological tissues.
Dental or bone protheses, dentures, vascular catheters, etc., belong to this cat-
egory of devices [8]. In particular, biofouling dramatically affects the durability
of such devices, making necessary in most cases the surgical substitution. The
need to contrast prosthetic infection is motivated by statistical data: for exam-
ple, in the United States alone, there were 332,000 total hip and 719,000 total
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knee surgery reconstructions performed in 2010; the numbers are projected to
reach 572,000 and 3.48 million by 2030 for hips and knees, respectively [9].
Many approaches have been proposed to prevent biofilm formation. The oldest
technique is based on charging a surface with antibiotics. However, such systems
have a lifetime dictated by the amount of charged antibiotic substance, that is
limited by its side effects. In addition, the actual knowledge about bacterial
interactions with antibiotics tells us that the use of biocides can result in higher
bacterial resistance. In this specific case, antimicrobial-resistant infections cur-
rently claim 700,000 lives each year all over the world and an increase to 10
million is predicted by 2050 if no other effective strategies will be adopted [10].
For this last reason, antibacterial surfaces charged with metallic ions, such as
Ag ions, have been introduced. However, the problem of limited durability still
remains in such systems [11].
Another technological field in which biofilm formation plays a relevant role is
food industry. In particular, the formation of biofilms can compromise food hy-
giene, because biofilms often contain spoilage or pathogenic bacteria, that can
be dangerous for human health. A considerable number of documents pointed
out the ability of biofilms to grow easily both on food surfaces and on food
contact surfaces [12, 13, 14]. The attachment of pathogenic microorganisms to
food-contact surfaces is a potential source of hygienic problems and increases
the risk of microbial contamination in food plants.
Therefore, simple and effective methods of disinfection and/or control of biofilm
growth are needed to limit the amount of biofilms in food-processing plants and
environments [12, 14]. Many approaches have been introduced to contrast bio-
fouling in food plants. First of all, the Cleaning-In-Place (CIP) procedures have
spread out in the food-processing lines. However, many studies have pointed
out that some bacterial biofilms remain attached to surfaces even after the CIP
treatment [12]. The presence of biofilm in surfaces of food plants is not only
deleterious for food quality and dangerous for human health, but it can provide
limitations in the processing yield; in fact, the occurrence of biofilms can reduce
heat transfer and operating efficiency in heat exchange equipments, and to in-
crease frictional resistance and corrosion rate on surfaces, leading to high losses
of energy and food [15].
The amount of biofilm on a surface has found to be a function of a multitude
of chemical and physical variables. Among these we mention surrounding envi-
ronment (temperature, duration of exposition, bacterial concentration, chemical
treatments etc.), bacterial surface charge, substrate charge, bacterial stiffness,
substrate stiffness, bacterial wettability, substrate wettability, etc. [16]. In the
following sections we will give an overview on the state of the art and the factors
influencing the bacterial adhesion to surfaces. Despite it has been observed that
the surface biofilm formation is sensitive to the surface stiffness [17, 18], in the
following we will neglect this contribution, assuming bacterial cells interacting
with infinitely stiff substrates, a quite reasonable assumption for the material
investigated in this work, i. e. AISI 316L stainless steel, which is one of the most
diffused materials in food handling and processing devices.
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1.2 Factors influencing bacterial adhesion

1.2.1 Surface chemistry

A generic interfacial property is the result of an intimate combination of surface
topography and surface chemical composition. As regards bacterial biofilm for-
mation, surface chemistry controls the bacterium/surface interactions. As we
will explain in detail in chapter 5, such interactions can be ascribed to a series of
contributions, i. e. Lifshitz-van der Waals interactions, the electrostatic inter-
actions, the acid-base interactions, and the steric repulsion. In this chapter we
will remark how, in the specific case of the Lifshitz-Van der Waals interactions,
this contribution is generally negligible.
As regards the electrostatic interactions, as we will point out in section 5.3.2, the
functional groups on the bacterial surface dissociate in water, and the resulting
charge is shielded by counterions. The result is a surface net charge that, with
few exceptions, is negative. Thus, antibacterial surfaces show typically a surface
net charge of the same sign of the cellular charge. However, it has been observed
that, in static conditions, the occurrence of a protein-based layer or a layer of
dead cells could inhibit the effect of surface charge, since this layer represents an
ideal substrate for the cellular adhesion [19]. For example, Rzhepishevska et al.
[20] showed that P. aeruginosa biofilms on negatively charged surfaces produce
large quantities of cyclic diguanylate monophosphate, a compound believed to
be responsible for the production of large amounts of extracellular polymeric
matrix. This suggests a certain degree of adaptability of P. aeruginosa to dif-
ferent conditions of surface charge. In another example, Badihi Hauslich et al.
[21] observed an increase in calcium ions induced by the deposition of salivary
pellicle. This condition is favourable for the adhesion of Streptococcus mutans
and F. nucleatum on Titanium.
The acid-base interactions, discussed in detail in the section 5.3.3, play a fun-
damental role in determining the surface wettability. There are several works
in the literature attempting to find relationships between the surface biofilm
formation and the surface wettability [22, 23, 24, 25, 26].
Wettability was born as a molecular concept, related to the existence of molecules
with portions, referred to as hydrophilic, with “affinities” to water molecules.
On the contrary, other molecular portions are prone to reject water molecules.
The latter are referred to as hydrophobic. Then, the historical problem of study-
ing surface wetting led to the actual concepts related to the definition of contact
angle and the models of surface wettability.
Considering a liquid droplet standing on a solid surface, the wettability of such
a surface is usually quantified in terms of the static contact angle (CA), defined
as the angle between the tangent to the solid-liquid interface and the tangent
to the liquid-gas interface (see fig. 1.1).
A perfectly smooth surface, chemically homogeneous and insoluble in the liquid,
will be referred to, hereafter, as an “ideal surface”. In such conditions, the CA
is traditionally described in terms of the Young equation [27]:

cos θY =
γsl − γsg
γlg

. (1.1)

Such an equation relates the contact angle θY to the free energies per unit
area, respectively at the interface solid-gas (γsg), solid-liquid (γsl), and liquid-
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Figure 1.1: Scheme of a liquid droplet standing on a surface. The contact angle
is indicated with CA [28].

gas (γlg). The CA predicted by the Young equation is generally different from
the observed one. In fact, real surfaces possess a certain level of roughness
and/or they can be chemically non-homogeneous. In particular, Wenzel was
the first scientist who pointed out the effect of surface roughness in chemically
homogeneous surfaces [29]. He quantified the contribution of surface roughness
in terms of the factor r = Arough/Aflat, where Arough is the total liquid-solid
interface, while Aflat is the projection of Arough on the mean plane. The result
is called Wenzel equation [29]:

cos θW = r cos θY . (1.2)

The second important configuration deals with a perfectly flat, but chemically
non-homogeneous, surface. The typical situation discussed is the case of a liquid
droplet standing on a flat composite surface, made of a solid material and air
bubbles. In such a condition, the CA is usually described in terms of the Cassie-
Baxter equation [29]:

cos θCB = rf cos θY − (1− f) , (1.3)

where f is the solid-liquid surface fraction. The eqs. 1.2 and 1.3 represent
two ideal situations used to explain the effect of the surface roughness on the
contact angle, hence on the wettability. In real situations, we can expect inter-
mediate conditions. However, roughness generally leads to an amplification of
the chemical properties of the material composing the surface. In particular,
the roughness will increase the hydrophobicity of surface made of an hydropho-
bic material, while it will increase the hydrophilicity if made of an hydrophilic
material.
Generally, a characterisation in terms only of the static contact angle is not suf-
ficient to assess the overall macroscopic properties of a sample [30]. First of all,
the equations mentioned above do not account for the experimental occurrence
of several values of CA. The difference between the maximum and the minimum
CA observed is called Contact Angle Hysteresis (CAH). The most common ex-
perimental technique used to study CAH is to measure the difference between
the CA measured while increasing the volume of a water droplet on the surface
and the CA measured while decreasing it. Another interesting quantity is the
so-called sliding angle, defined as the minimum angle formed by the normal to



1.2. FACTORS INFLUENCING BACTERIAL ADHESION 23

the surface with the direction of gravity at which a droplet of liquid starts to
roll-off on the surface [31]. A superhydrophobic surface is generally defined by
high CA (>150 deg), low CAH (<10 deg) and low roll-off angles (a few deg).
This research about the correlations between the surface wettability and the
formation of bacterial biofilms led to contradictory, and often counterintuitive,
results. For example, Lee et al. [24] observed an enhancement in the bacterial
colonisation on moderately hydrophilic polymeric substrates, with a maximum
biofilm formation at a CA of 57 deg. Other studies, e. g. the work of Lutey et
al. [32], carried out on the samples considered in the present thesis, show no
apparent relation between biofilm formation and wettability. Marmur [33] con-
siders the problem of biofilm formation on a substrate similarly to that of the
adhesion of a water droplet. In particular, it is there pointed out that, at least
one step of biofilm formation regards the replacement of solid-liquid interface
by solid-biofilm interface. Thus, from a theoretical point of view, one possible
approach to prevent bacterial adhesion is to design solid surfaces that “prefer”
to be in contact with water rather than with the biofilm.
The issue of directly correlating surface wettability to biofilm formation has to
be taken carefully. From a molecular point of view, thermodynamic approaches
predict a dominant role of the acid-base interactions (see subsection 5.3.3) in
determining the surface wettability [34]. The bacterial surface is characterised
by a chemical composition resulting in a combination of polysaccharide chains,
phosphate groups, and amino groups. With a few exceptions, this combination
typically results in an hydrophobic behaviour [35]. However, the molecular bac-
terial wettability of a single planktonic cell or of a small cluster of cells has not
to be confused with the wettability of surfaces. In fact, the wettability conceived
in terms of the static contact angle can be observed only when “probed” on a
length scale established by the typical size of the droplets used in the exper-
imental investigations (up to ∼ 1 mm). This technique measures a property
that is the result of a mean over a relatively large area, stemming from the com-
bination between surface chemistry and topography. However, the process of
formation of a bacterial biofilm entails several complex mechanisms, involving
different length scales ranging from the one established by the cell size (∼ 1
µm), presumably dominating in the first steps of bacterial adhesion, to the one
established by the size of the mature biofilm, comparable to the length scale of
the contact angle measurements, or even larger. Since a single step of biofilm
formation has to be assumed as a precursor for the following steps, we can hy-
pothesise that biofilm formation is governed by physico-chemical phenomena
involving length scales far smaller than the length scales entailed in the contact
angle measurements.
To clarify this point, let us consider the following thought experiment: consider
a single bacterial cell (or a small cluster of bacterial cells) placed on a hierar-
chical lotus-like surface, i. e. made of micrometric bump-like structures covered
by sub-micrometric protrusions, as shown in the scheme of fig. 1.2 (a). If this
surface is made of an hydrophobic material, on the length scale of ∼1 mm it
will be a good candidate to be superhydrophobic. The cell is smaller than the
spacing of the micrometric protrusions. Therefore, the surface effect felt by the
cell will be ascribed to the surface chemistry and to the sub-micrometric protru-
sions in a relatively small region surrounding the cell, with a typical thickness
not larger than ∼ 100 nm, indicated with a semi-transparent fill in the figure.
Suppose to ideally fabricate another surface differing from the one in fig. 1.2
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Figure 1.2: Schematic representation of a single bacterial cell (or a small cluster
of bacterial cells) on a hierarchical lotus-like surface (a) and the same situation
on an ideally fabricated surface obtained by the surface of (b) by cutting the
micrometric protrusions. The semi-transparent region surrounding the cell rep-
resents an hypothetical region involved in the interaction between the cell and
the substrate.

(a) for the absence of the micrometric modulation (see fig. 1.2 (b)). In static
fluido-dynamic conditions1 we expect that the surface effect felt by the cell will
be similar to the effect felt on the hierarchical surface in fig. 1.2 (a). However,
since the surface roughness is sub-micrometric, according to the eqs. 1.2 and 1.3,
we expect a decrease in the hydrophobicity with respect to the surface of fig. 1.2
(a). Therefore, we expect that the two surfaces will have the same behaviour
with respect to the biofilm formation, but markedly different wettabilities. From
another point of view, two surfaces with the same properties of wettability could
have completely different surface topographies and chemical compositions, and

1As we will clarify in the following subsection, the presence of surface protrusions larger
than the cellular size could in principle influence the bacterial adhesion in the presence of a
fluid.
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these last properties could deeply affect the biofilm formation. Probably this
circumstance is one for the reasons of contradictory statements on the correla-
tion between surface biofilm formation and wettability.
In conclusion, to describe correctly the relationship between wettability and
surface biofilm formation, the contact angle measurement should be accompa-
nied by a detailed characterisation of the surface topography and of the surface
chemistry. However, especially for the laser texturing, this description is not
straightforward, since it requires sophisticated and sensitive experimental se-
tups, e. g. X-ray Photoelectron Spectroscopy (XPS), for the determination of
the surface chemical composition.

1.2.2 Surface roughness

In this section we will discuss how surface roughness can affect bacterial adhe-
sion on surfaces. On this question, several pictures and mechanisms have been
proposed. First of all, it’s natural to argue that valleys and grooves on a surface
could constitute a sort of “shelter”, in which a bacterial cell can maximise its
contact area and adhere more strongly to the surface [36, 37]. This behaviour is
particularly critical because it can represent a problem not only in the attempt
to counteract bacterial adhesion, but also in the cleaning procedures [38]. A
cell standing on such protective sites can be preserved from shear forces due to
hydrodynamic turbulences in the fluid in contact with the surface.
Regarding this theme, research works offer conflicting opinions: in some papers,
researchers found that cells adhere preferentially on the valleys of grooves [36];
in other cases, they found that there is no apparent relation between the increase
of surface area and adhesion of cells, and therefore a cell adheres indifferently on
the top or on the bottom of a valley [39]. As already pointed out, bacterial cell
adhesion occurs on specific sites (grooves and valleys) to maximise the contact
area with the surface. It is clear that in the attempt to adapt cellular curvature
to a surface, the cellular shape could play a crucial role. In particular, it is
expected that cells, such as coccoid bacteria, with an almost spherically sym-
metrical shape, can adapt their surface curvature to a larger variety of rough
patterns than cells, such as Pseudomonas, that have a rod-like shape, i. e. an
almost cylindrical symmetry.
The experimental results that have been published over the years confirm this
picture. For example, Ivanova et al. showed that the spherical S. aureus cells
adhere more easily on molecularly smooth Titanium surfaces than the rod-like
P. aeruginosa [40]. They attribute this effect not only to the bacteria shape,
but also to the more flexible cell membrane in S. aureus than in P. aeruginosa.
For this last reason S. aureus can adhere easily on a surface with spikes whose
dimensions are smaller than cellular size, by adapting its outer structure to the
surface curvature. Another interesting work, that treats with similar purposes
the attachment of zoospores, was carried out by Callow et al., who studied cel-
lular attachment of Enteromorpha zoospores on micropatterned polydimethyl-
siloxane (PDMS) surfaces [41]. They found that the number of adhered cells on
samples with rectangular microgrooves was maximised if the grooves had the
same dimension of the cell diameter. In this case, cells tend to adhere in the
angle between the valley floor and side walls irrespective of the valley width, to
maximise contact area. In addition, they showed that in samples with grooves
larger than cellular dimension, cells tend to organise themselves in groups. In
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these and other examples [42, 43, 44], the common concept coming out is that
bacterial dimension defines a critical length scale for their adhesion: structures
whose size is larger than bacterial dimension have negligible effect on bacterial
attachment.
This idea explains some conventions that have been introduced in the design
of surfaces for food industry, for example the rule that hygienic steel surfaces
must have an average roughness lower than 0.8 µm [45], or the idea of a “cutoff”
length scale of 0.2 µm for the formation of bacterial plaque on dental surfaces
[46].
Another concept from literature, that can be considered analogous to the the-
ory based on contact area, is the so-called “attachment point” theory [47, 48].
According to this theory, the effect of surface topography on bacterial adhesion
is clearly related to the size of the organisms. In particular, cells whose length
scale is larger than the scale of texture adhere with a weaker adhesion force due
to a lower number of attachment points. On the contrary, cells smaller than the
scale of surface topography will have a greater adhesion strength due a larger
number of attachment points.
Surface structures possibly present on an interface between a solid and a fluid
can also have the function of trapping air in bubbles of different sizes. Within
this frame, the picture proposed by Truong et al. is particularly significant [49].
They studied bacterial adhesion of S. aureus, P. aeruginosa, and Planococcus
maritimus to lotus-like Titanium surfaces, realised by ultrashort laser treatment.
Despite laser processing causes an increase in surface interface, this corresponds
to a decrease of the fraction of interface available to bacterial adhesion. In fact,
nanofeatures can trap nanobubbles of air. Therefore, a bacterial cell doesn’t
stand directly on the Titanium surface, but on a “carpet” of nanobubbles, and
it can roll-off easily on the sample’s surface (see fig. 1.3 on the right).
Microfeatures can also trap microbubbles. Therefore, bacterial cells cannot
reach the lower point of a micrometric valley, due to surface tension. In this
situation, the so-called “shelter effect” mentioned before cannot take place, and
bacterial cells can be easily removed by hydrodynamic turbulence.

Figure 1.3: Picture representing a possible behaviour of cell at the interface
between the surface of Titanium with lotus-like features and a fluid [49]. Cells
are represented as red circles.
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To conclude this section, recently a novel picture has emerged to explain the role
of surface protrusions smaller than the cellular size. This picture has established
thanks to experimental studies that put in evidence the bactericidal activity of
biomimetic surfaces, e. g. the cicada’s wings [50, 51]. Such biological interfaces
show protrusions whose sharpness is large enough to penetrate into the cell
wall and to kill the cell itself. The experimental observations led researchers to
hypothesise that such protrusions, like a fakir bed, are responsible for mechanical
stresses on cell walls. Even if the sharpness of protrusions is not large enough
to damage the cell, it is possible that, in order to counteract on the mechanical
stresses, the cell will increase its wall thickness in proximity of the region where
mechanical stress is applied, therefore keeping available less resources for the
replication. These alterations in the cellular metabolism have been defined as
“stress deactivation” [52].
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Chapter 2

Experimental investigations

2.1 Ultrashort laser processing

Recently, the possibility of using ultrashort pulse radiation for fabrication pur-
poses has emerged as a novel and powerful technique for the realisation of tex-
tured surfaces finding applications in several technological fields, including plas-
monics [53], photonics, micro or nanofluidics [54], biosensors [55], etc. This
approach shows several advantages over other techniques:

� it can be employed on various materials (conductors, semiconductors, in-
sulators etc);

� Achievable on planar or curved substrates;

� Capable to produce structures from the nano to the macroscale;

� It doesn’t require clean room facilities and/or masks, and it is reliable in
air or other atmospheres.

Ultrashort processing makes use of ultrafast laser sources, i. e. laser sources
emitting pulses whose duration is smaller than ∼1 ps. The importance of such
feature has to be attributed to the processes occurring during the light-matter
interaction. In fact, for pulse durations well above this threshold, the irradiated
target evolves through thermal processes. In the specific case of the irradia-
tion of metals and/or semiconductors, the material is characterised by a strong
thermal coupling between the electron gas and the lattice, occurring during the
entire phase of the light-matter interaction. In this case, a Heat Affected Zone
(HAZ) occurs in the irradiated target, showing the presence of thermal fusion.
This aspect can be deleterious for technological applications, since it leads to
a decrease in the spatial precision of the treatment, due to the deposition of
fused materials all around the irradiated region. On the contrary, in ultrashort
processing material is mostly ablated, i. e. converted to vapour within the pulse
duration in a volume whose thickness in dictated by the penetration depth of
the radiation (typically in the visible or the infrared range). The occurrence
of a remarkable HAZ is well visible in the SEM images in fig. 2.1, showing
two textures generated on the same material (Copper) with nanosecond (a) and
ultrashort pulses (b).

29
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Figure 2.1: SEM images of Copper substrates textured with conventional
nanosecond pulses (a) and with ultrashort pulses (b) [56].

By decreasing the pulse duration to an ultrashort range, the physics during
the light-matter interaction is dominated by non-thermal phenomena, charac-
terised by a non-thermal equilibrium between the electron gas and the lattice.
This phase generally involves a layer of material whose typical thickness is ∼10
nm. Due to the time scales with which the excited electron gas thermalises with
the lattice, during and right after the irradiation the target is usually treated in
terms of two sub-systems in non thermal equilibrium: the electron gas and the
lattice. After the laser irradiation, within a timescale of a few ps, the irradiated
target enters a phase of thermal processes inducing a transfer of energy between
the electron gas and the lattice, usually described in terms of electron-phonon
coupling. This effect can reflect in very fast lattice cooling speeds of ∼ 1014K/s.
Such conditions could be the precursors for the formation of metastable phases,
featuring coexistence of solid, liquid, vapour, and plasma, without the occur-
rence of fusion processes.
In the framework of the surface texturisation, the use of ultrashort pulses al-
lows the realisation of hierarchical textures, i. e. textures showing structures
with multiple length scales, similar to some natural surfaces. One of the most
famous examples of natural hierarchical surfaces is represented by the lotus leaf
(see fig. 2.2 (a)), known to be a natural self-cleaning interface. The lotus leaf’s
surface shows the presence of bump like protrusions, covered by nanostructures,
as seen in the SEM image in the inset of fig. 2.2 (a). The lotus leaf’s texture
can be conveniently reproduced with ultrashort pulses. An example is shown in
fig. 2.2 (b) on a Titanium substrate, showing a similar self-cleaning behaviour
[44]. Thus ultrashort laser texturing turns out to be a convenient technique for
the replication of interesting natural surface properties on synthetic substrates.
In particular, in the framework of the theories discussed in the subsection 1.2.2,
the occurrence of sub-micrometric protrusions makes ultrashort laser texturing
a potentially effective technique for the fabrication of antibacterial surfaces.
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Figure 2.2: Lotus leaf (top) and SEM image of the lotus leaf’s surface (top,
inset) and a ultrashort laser-textured Titanium surface reproducing the lotus
leaf’s surface (bottom) [44].

2.2 Scanning laser facility

One of the possible approaches to use pulsed-laser light to produce a texture on
a material is to adopt a moving beam, emitting laser pulses following a raster
trajectory on the sample’s surface. In fig. 2.3 (a), the experimental setup for the
fabrication of laser textured metallic surfaces through the scanning system is
shown. The laser source used to produce the samples considered in this work is
an Amplitude Systems Satsuma HP3 laser system and the samples were provided
by AlphaNov (Talence, France), one of the partners of the project. After leaving
the laser, the pulse passes through an half-wave plate and a polariser, in order to
finely adjust the pulse energy. Then the laser beam is magnified by a factor of 3
through a beam expander. The laser pulse is then directed to a polygon scanning
head with two galvanometric mirrors and an f-theta lens whose function is to
focus the pulse on the sample’s plane.

The final morphology of the laser induced structures will depend on the amount
of energy locally provided to the sample. For ultrashort laser pulses, this pa-
rameter is typically quantified in terms of the fluence F , defined as the energy
delivered by a single laser pulse per unit area. In the following section we will
show that the final morphology of the laser-induced textures depends also on
those processing parameters related to the “rate” with which the light energy is
delivered to the irradiated target. These parameters include the repetition rate
RR, defined as the number of pulses emitted per unit time, and the scanning
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Figure 2.3: (a): Scheme of the experimental setup for the scanning laser facility
employed in this work [57]; (b): schematic representation of the corresponding
laser treatment on the sample’s surface, characterized by the superposition of
multiple laser pulses, schematized as violet circles. Some of the most important
process parameters, i. e. the hatch distance h and the distance of superposition
d are highlighted.

speed v, defined as the velocity of the laser spot on the irradiated surface.
In the fig. 2.3 (b), a scheme of the laser processing technique is shown. An
important issue of laser processing deals with the obtainment of an adequate
degree of uniformity in the treated surface. For a scanning system, this require-
ment can be achieved by ensuring an adequate level of superposition between
laser pulses, represented in fig. 2.3 as violet circles. The superposition between
pulses must be seen as between two consecutive pulses in the same scanning
line and between two adjacent scanning lines. This requirement depends on the
following parameters:

� the pulse diameter 2ω: for a gaussian beam it can be determined by the
Full Width Half Maximum (FWHM) of the intensity profile, as

2ω =

√
2√

log 2
FWHM ; (2.1)

� The hatch distance h: the distance between two adjacent scanning lines
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(see Fig. 2.3 (b));

� The distance d between two consecutive pulses into the same scanning line
(see fig. 2.3 (a)). This parameter depends on the scanning speed v and on
the repetition rate RR, i. e. the number of pulses emitted per unit time,
by the relation

d =
v

RR
. (2.2)

The level of superposition between two consecutive pulses along the same scan-
ning line is quantified in terms of the horizontal overlap HOL, defined as

HOL =
2ω − d

2ω
× 100. (2.3)

In order to obtain processing times compatible with the industrial requirements,
the tendency is to adopt high repetition rates and high scanning speeds, to
deliver the required local quantity of energy in a short time [58]. For the sake of
clarity, the main features of the scanning laser system for producing the samples
considered in this work are resumed in the table 2.1.

Parameter value/range
Wavelength λ 1030 nm
Pulse duration 350 fs

Pulse power ≤40 W
Repetition rate RR ≤ 1000 kHz
Pulse diameter 2ω 25 µm
Horizontal overlap

HOL
92%

Scanning speed v ≤200 cm/s
Hatch distance h 5 µm

Table 2.1: Summary of the main features for the scanning laser facility employed
in this work.

2.3 Morphological surface characterisation

2.3.1 Introduction

As we mentioned in the section 1.2.2, experimental investigations [45, 59, 60, 61]
on the bacterial adhesion onto surfaces have pinpointed the role of the sur-
face roughness in ruling the ability of such substrates to influence the bacterial
colonisation. Therefore, an adequate analysis of the surface morphology, with
particular attention to topography, i. e. height variations of the surface, is re-
quired. Furthermore, in the section 2.1 we listed all the technological advantages
provided by laser texturing over other approaches. However, despite the laser
treatment of surfaces enables a good physical control of the final surface regular-
ity, the periodicity of the laser-induced structures appears to be imperfect due
to several factors, including the non-ideal shape of the intensity profile of the
laser source, fluctuations in the chemical composition of the target, fluctuations
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of the optical properties of the target during the fabrication process, disconti-
nuities in the crystalline structure, i. e. the presence of grain boundaries, etc.
In addition, the laser treatment often determines hierarchical surfaces, i. e. to-
pographies resulting from the combination of micrometric protrusions and nano-
metric structures, bubble-like bumps or sponge-like textures, whose distribution
on the sample’s surface depends on factors impossible to fully control by tuning
the process parameters. Such factors determine a certain degree of randomness
in the morphology of the laser-induced structures.
This feature requires a statistical treatment of the surface roughness, by analysing
the distributions of heights in the processed area. This need is well known in the
industrial context, in which a reliable identification of the geometrical product
specification is required. In particular, the problem of uniquely identifying the
morphology of random surfaces led to the establishment of areal parameters
accounting for the average level of surface roughness [62, 63], e. g. the “Birm-
ingham 14” or the “Huddersfield 17” [64], and their adoption into standards,
e. g. ISO 25178 [65]. However, the majority of the literature investigating the
role of surface topography in determining the bacterial adhesion restricts the
analysis to few quantities, i. e. the average roughness Sa or the Root-Mean-
Square (RMS) roughness Sq, as we will mention in the subsection 2.3.3.
In principle, such parameters are not sufficient for a complete description of the
surface geometry. For example, it is well known that surfaces with the same
values of Sa and/or Sq can show very different morphologies and consequent
functional properties [66, 67]. In addition, the common theories about the in-
fluence of roughness in contrasting/promoting bacterial adhesion, introduced in
the section 1.2.2, implicitly indicate that not only the distribution of the sur-
face’s heights, but also surface features related to the period and/or the position
of peaks on the surface are involved in the process of bacterial adhesion.
Therefore, efforts need to be devoted to describing the bacterial colonisation
of surfaces in terms of enlarged lists of metrological parameters and to give a
more refined description of the phenomenon as a function of the surface topogra-
phy. In this spirit, researchers proposed lists of metrological surface parameters,
considered good candidates to show correlations with the amount of bacterial
biofilm [68, 69]. However, identification of such correlations shows several dif-
ficulties, due the still incomplete knowledge on how a single bacterial cell in a
planktonic state, i. e. completely surrounded by a liquid, can interact with the
local surface topography, as a function of the fluido-dynamic and environmental
conditions.

2.3.2 Experimental setups

According to the pictures presented in section 1.2.2, the size of the surface pro-
trusions that could influence the bacterial behaviour in proximity of a substrate
spans in the range between a few tens of microns, for the so-called sheltering
effect [49], and a few tens of nanometers [40]. Therefore, adequate experimental
tools must be used to analyse the surface topography and in general the mor-
phology of the laser produced protrusions. In this subsection the basic features
of such experimental setups, consisting in the Coherence Scanning Interferom-
etry (CSI) and the Shear Force Microscopy (ShFM), will be briefly introduced.
The Coherence Scanning Interferometry exploits the interference of visible light
to obtain surface topographical information, similarly to what happens in the
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holography. The experimental apparatus employed in this work was the Taylor-
Hobson CCI MP, shown in fig. 2.4 (a).

Figure 2.4: (a): image of the Taylor-Hobson CCI interferometer, employed in
this work to analyse the surface topography of laser treated metal surfaces [70];
(b): scheme of the Mirau interferometer, the working principle of the 50 ×
objective mounted on the Taylor-Hobson CCI interferometer [71]. 1: objective
lens; 2: beam splitter; 3: sample; 4: reference mirror; 5 and 6: incidence points;
7: reflection point on the sample’s surface.

A 50 × objective was used with a Numerical Aperture of 0.55 and a working
distance of 3.4 mm. With this configuration, the working principle of the ap-
paratus is the so-called Mirau interferometer, whose scheme is shown in fig. 2.4
(b). The light emitted by a non-coherent source, a green LED in this case1

impinges on a lens, indicated in fig. 2.4 (b) with 1. The focused light is divided
by a beam splitter (2) in two halves. The transmitted half interacts with the
sample’s surface (3) and is recombined with the reflected half, that travels the
path including points indicated with (4), (5) and (6), thanks to the reflection
on the so-called reference mirror. For a perfectly flat sample, the paths traveled
by the two halves of the initial light have the same length, and the resulting
intensity is identical to the initial one. On the other hand, variations in the
sample’s topography determine a difference of optical path, responsible for a
variation in the intensity of the recombined light due to interference.
This method allows to record digital topographical maps, i. e. two dimensional
matrices, whose maximum size is of 336 µm×336 µm. The corresponding pixel
size is 1024 × 1024, which can be decreased by binning. Therefore, the effec-
tive resolving power reaches nominal values of ∼ 338 nm. With the numerical
aperture specified, the apparatus cannot detect signals originating from the re-
flection of light on slopes greater than 27.5 deg. The reason has to be researched
in the scattering of light away from the acceptance cone of the objective. This
drawback returns “non-measured points” on the topographical maps, i. e. pixels
corresponding to zero light intensity. To limit this drawback, a data binning
protocol was applied to the acquired matrices, reducing the size of the maps

1The non-coherence of the light is essential to distinguish the interference order with less
ambiguity.
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to 512 × 512. This level of binning is a reasonable compromise between the
need to minimise the number of non-measured points and the to minimise the
number of optical artifacts in the form of non-physical peaks.
The interferometric maps were first spline-interpolated to “fill in” the non-
measured points mentioned above. The acquired topographical maps were dig-
itally filtered, in order to eliminate artefacts, like the effects related to the non
zero slope of the sample’s surface and the high spatial frequency noise, observed
especially in the maps related to low energy doses. The filtering procedure in-
cluded a least squares levelling operation, and a Gaussian filter with a cutoff
wavelength of 2.1 µm on both the x and y directions on the sample’s plane.
The above cited CSI approach has several strengths, i. e. the ease in use and
rapidity of acquisition, the non-contact character, the possibility to investigate
a rather large areal size, etc. However, because of diffraction, the lateral resolu-
tion of the technique is strictly related to the light wavelength, belonging to the
visible range. The diffraction of light doesn’t allow to fully resolve the surface
structures of sizes smaller than hundreds of nanometers [69]. This drawback
makes this technique less suitable to resolve those small surface structures, that
are believed to be involved in the reduction of the bacterial attachment to rough
surfaces. Furthermore, the low reflectivity of certain portions of the samples,
e. g. the portions rich in holes, is responsible of other artefacts that can lead to
overestimate the areal surface roughness.
To overcome such limitations and achieve a reliable topography reconstruction,
in this work the Shear Force Microscopy (ShFM) was also employed [32, 72, 73,
74, 75, 76].

This technique belongs to the family of the Scanning Probe Microscopies (SPMs),
whose basic principle is to obtain images of a sample through the scan of a small
tip2 on the sample’s mean plane. One of the most famous examples of this class
of instruments is represented by the Atomic Force Microscope (AFM). In this
case, the probe is typically made of a sharp silicon or silicon nitride tip, placed
at the end of a cantilever. Despite AFM allows to obtain highly resolved to-
pographical informations, it has the drawback to require a contact between the
tip and the sample’s surface, typically in the tapping mode, a configuration that
involves an intermittent contact between the tip and the sample’s surface. This
feature leads inevitably to wear, recognised as one of the most important factors
affecting the resolving power [77]. Although this problem can be reduced by us-
ing ultra-hard tips, this strategy is feasible only in hard samples, in order to
reduce the formation of scratches [78]. With respect to AFM, ShFM has the ad-
vantage to be designed as a purely non-contact technique, thus allowing to scan
large areas with resolving powers compatible with the other SPM techniques
and with reduced wear of the tip. In addition, the absence of a cantilever makes
ShFM suitable to the measurement of curved and/or steep surfaces [72, 73].
The ShFM probe is constantly maintained in parallel oscillation with respect to
the sample’s mean plane. The working principle of the ShFM is based on the
reduction of the oscillation amplitude of the probe as it approaches the sample’s
surface to reach typical distances below 10 nm. This reduction in the oscillation
amplitude is mainly due to viscous damping, ascribed to the friction with air
and, possibly, to the presence of adsorbed water on the sample’s surface.
In fig. 2.5 (a) a schematic view of the head of a ShFM apparatus is shown.

2The typical transverse sizes of such tips are on the order of tens of nanometers.
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Figure 2.5: Schematic view of a Shear-Force Microscope head and of the oper-
ation mode [72].

The probe is composed of a Tungsten tip, obtained from a wire of diameter
125 µm, by electrochemical etching, in order to achieve a tapered apical end,
with typical transverse size below 50 nm. The tip is glued to the prong of
a commercially available piezoelectric quartz tuning fork, as shown in fig. 2.5
(b). The tuning fork has the function of transducer, since it allows to measure
the actual oscillation amplitude of the probe thanks to the piezoelectric effect.
The system is put in mechanical contact with a dithering piezoelectric actuator
(typical oscillation amplitude of a few tens of nm, oscillation frequency ∼ 33
kHz), whose function is to apply an oscillating mechanical drive to the probe.
The sample-holder is a closed-loop nanopositioner (Physik Instrumente PI.517,
3CL), with a maximum displacement of 100 µm in the xy plane and of 20 µm
along the z direction (see fig. 2.5). The nanopositioner is driven by a controller
for Scanning Probe Microscopes (RHK SPM 100). A feedback loop works to
maintain the actual oscillation amplitude of the probe at a constant value, fixed
to a set point chosen as a fraction of the “free oscillation amplitude”, i. e. the
oscillation amplitude measured when keeping the probe far enough from the
sample’s surface to consider the viscous damping negligible. The set point was
typically set to 80% of the free oscillation amplitude.
In this way it was possible to maintain the ShFM probe at constant distance
from the sample’s surface during the raster scan of the surface, reducing the
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risk of collisions. The accuracy with which the distance is kept constant de-
pends on the response time of the feedback loop and, obviously, on the presence
of steep slopes on the sample’s surface. During the scan, the signal produced
by the feedback loop circuit in order to drive the vertical displacement of the
nanopositioner is continuously recorded. This signal contains the topographical
information, that is finally recorded in two-dimensional matrices. To highlight
errors due to the presence of external noise and the finite response time of the
feedback loop, the ShFM probe describes a raster trajectory (see fig. 2.5), and
each line is recorded two times, in the forward and in the backward path.
The nominal resolving power of the ShFM depends ultimately on the transverse
size of the tip. However, it can be affected by other factors, e. g. the scanning
speed, the number of recorded points per line, the number of recorded scanning
lines, the response time of the feedback loop, etc. It can be shown [73] that
also the length of the protruding part of the tip can affect the sensitivity of the
microscope.

2.3.3 Metrological description

In the following, metrological quantities used to describe the topographical fea-
tures of the surfaces considered in this work will be described. All the param-
eters are included in the ISO 25178 standard for geometrical surface specifica-
tions. The topographical information, retrieved from one of the experimental
techniques mentioned in the subsection 2.3.2, consists in a topographical map,
represented by a real matrix. The corresponding matrix elements {zi,j}, with
i = 1, ..., Nx, j = 1, ..., Ny, represent the height with respect to the mean plane.
Since the metrological parameters of interest have a statistical nature, the eval-
uation area, i. e. the area on which the metrological parameters are calculated,
has to be chosen the widest compatible with the dynamic range of the exper-
imental technique, in order to have an adequately large statistical sample of
data.
In the engineering context, one of the most widespread parameters for assessing
the global level of roughness is the average roughness Sa, defined as

Sa =
1

NxNy

Nx∑
i=1

Ny∑
j=1

|zi,j | . (2.4)

Another widespread roughness parameter is the Root-Mean-Square (RMS) rough-
ness Sq, defined as

Sq =

√√√√ 1

NxNy

Nx∑
i=1

Ny∑
j=1

|zi,j |2 . (2.5)

Both Sa and Sq give a measure of the average deviation of the surface topogra-
phy from the mean level of the mean plane. However, the RMS roughness turns
out more meaningful than the average roughness, due to its precise statistical
meaning: it represents the standard deviation of the height distribution.
The description of the surface roughness involves the introduction of less refined
parameters such as the maximum height Sz, defined as the difference between
the maximum and the minimum height. This parameter will be useful for the
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definition of the following quantities. As we pointed out in the introduction,
two surfaces with clearly different shapes can have similar Sa and Sq. There-
fore, the first step to enrich the list of metrological parameters is based on the
introduction of the moments of 3rd and 4th order of the height distribution,
i. e. the skewness Ssk and the kurtosis Sku, respectively. However, in this work,
no correlation was found between Sku and the processing parameters. There-
fore, Sku will not be mentioned, for the sake of conciseness.
The skewness Ssk is defined as the moment of the 3rd order of the height dis-
tribution, that is

Ssk =
1

NxNyS3
q

Nx∑
i=1

Ny∑
j=1

|zi,j |3 . (2.6)

This parameter is related to the asymmetry of the height distribution. In par-
ticular, Ssk > 0 indicates a dominance in peaks over valleys, while Ssk < 0
indicates a dominance in valleys over peaks.
The pictures proposed, where the bacterial adhesion is affected by the surface
protrusions smaller than the cellular size, already mentioned in the section 1.2.2,
are based on the assumption that the living conditions for a single bacterial cell
on a surface are deeply influenced by the reciprocal distance between neighbour
protrusions. In particular, textures with large and/or sparse protrusions will
enhance the sheltering effect and therefore promote bacterial adhesion. On the
other hand, surfaces with small and dense sub-micrometric protrusions will in-
duce the fakir effect and therefore contrast bacterial attachment.
Therefore, among the metrological parameters of the ISO 25178, the density of
peaks Spd, defined as the number of surface hills per unit area, turns out to be
a good candidate for the description of the bacterial adhesion in presence of a
sub-micrometric roughness. One of the issues regarding the calculation of Spd
involves the definition of peak. This problem is non-trivial, for two reasons:

� The definition of peak intrinsically depends on the phenomenon we are
interested in studying;

� The common algorithms for the determination of surface peaks generally
overestimate this number, due to numerical fluctuations.

As regards this last issue, after the initial determination of surface peaks, the
result is subjected to a pruning, i. e. a procedure whose objective is to exclude
from the calculation of Spd the peaks that, for the property investigated, are
considered irrelevant. In the framework of the ISO 25178 standard, this pro-
cedure can be accomplished through watershed segmentation, followed by the
so-called Wolf pruning.
In the following, a picture describing the working principle of the watershed
segmentation is given. Let us consider a topographical surface, such as the one
shown in fig. 2.6, and suppose we are interested in determining the number of
minima. The first step consists in finding the number of minima with a generic
procedure that typically overestimates this number.
Suppose to make a hole corresponding to each minimum and to immerse the
surface in water. The water will begin to give rise to lakes close to each min-
imum, whose extension and depth increase in time. At some level, neighbour
lakes will come into contact, as put in evidence by the green point in fig. 2.6. To



40 CHAPTER 2. EXPERIMENTAL INVESTIGATIONS

Figure 2.6: Scheme showing the working principle of the watershed segmentation
[79].

keep the two lakes separated, a dam is built in correspondence of this contact
point. The higher the level of water, the higher and longer will be the dam.
The algorithm ends when all the topographical surface will be underwater. The
resulting dams will form a net, and, by definition, a closed dam will enclose
a single minimum. In the metrological terminology, the region enclosed by a
closed dam after the watershed segmentation is called motif [63]. In the specific
case of a minimum, the motif is called dale. If we are interested in the peaks, the
algorithm is the same, but applied to the topographical map multiplied by -1.
In this last case, each motif will be referred as a hill and it will be surrounded
by a course line, that, in mathematical terms, corresponds to an Hessian matrix
with two eigenvalues negative. The height of a hill is defined as the difference
in height between the highest point inside the hill and the highest saddle point
along the course line surrounding it. The Wolf pruning consists in excluding
from the calculation of Spd those hills whose height is smaller than a threshold,
established by a percentage of Sz.
Wolf pruning becomes meaningful for peaks whose heights are distributed over
a large interval of values, which is not the case of the ShFM maps (see fig. 2.8
as an example). Therefore, the Wolf pruning has been applied to the CSI maps
only, in particular the surfaces with the highest values of Sa and Sq, with a
threshold in height of 0.2 µm.
As shown in the subsection 2.3.4, the processing conditions for the fabrication of
laser textured surfaces are correlated with the average slope of the laser induced
protrusions. A convenient areal metrological parameter for the characterisation
of such feature is represented by the motif slope Sks [63], defined as

Sks =
1

N

N∑
i=1

Mi

2hi
, (2.7)

where N is the number of segmented motifs, hi is the height of the i-th motif,
and Mi is called equivalent diameter of the i-th motif, and it is defined as

Mi =

√
4Ai
π

, (2.8)
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where Ai is the area of the surface of the i-th motif, i. e. the area of the projection
of the surface enclosed by the motif on the mean plane.

2.3.4 Experimental results

The first step in the design of laser textured antibacterial surfaces consists in
finding a series of optimised processing parameters that, according to the pic-
tures presented in the section 1.2.2, should lead to the desired antibacterial
behaviour.
The laser treatment, carried out by AlphaNov (Talence, France), was performed
on 50 mm×50 mm×2 mm AISI 316L mirror polished stainless-steel slabs. Prior
to the laser treatment, the substrates were ultrasonically cleaned in acetone at
room temperature. The choice of AISI 316L stainless steel was done because
it finds several applications in various fields of agrifood, precision mechanics,
marine technology, etc. The treated area was a square of 8 mm×8 mm area.

Figure 2.7: Simplified scheme of the scanning trajectory: the laser beam profile,
i. e. the red circles, whose diameter is 25 µm, travels a distance of 2 µm in the
direction X between two successive pulses. At the end of a scanning line, the
spot moves along the direction Y by a hatch distance of 5 µm. The process
required 10 laser passes, leading to a final number of pulses of 64 × 106 for the
entire fabrication process [76].

One relevant requirement of the scanning approach is to keep fixed the HOL
parameter to 92%, previously mentioned in the subsection 2.2. Four combina-
tions of RR and v, indicated in table 2.2, were adopted in order to obtain a
longitudinal pulse spacing d =2 µm, being the hatch distance h set to 5 µm.
Six fluences F were adopted in the range 0.36-1.35 J/cm2, as reported in detail
in table 2.2, with 10 laser passes over the entire processed area. These choices
resulted in a total number of pulses delivered to the irradiated target of 64×106.
Laser fabrication produced surfaces with bump-like features referred to as is-
lands. At low fluences, they showed an ellipsoidal shape, as visible in the
topographic view in fig. 2.8 (a). The corresponding texture was obtained at
RR = 1000 kHz and F = 0.36 J/cm2. In particular, the F values adopted are
similar to the ablation threshold of 0.13 J/cm2 for 316L stainless-steel irradiated
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Repetition rate RR
(kHz)

Scanning speed (v)

1000 200
500 100
250 50
100 20

Fluence (J/cm2)
0.36
0.48
0.69
0.86
1.14
1.35

Table 2.2: Combinations of repetition rate RR and scanning speed v for the
samples fabricated with the scanning system and values of fluence F employed
[76].

with a fs-laser [80].
A profile of the 2D-FFT along the Y direction indicated in fig. 2.7, computed
with the software Gwyddion [81], is shown in fig. 2.8 (b). In the horizontal
axis the spatial frequency 1/∆y along the Y direction of the map in fig. 2.8
(a) is reported, whereas the vertical axis, reporting the 2D-FFT amplitude, is
plotted in arbitrary units. The graph demonstrates the occurrence of a peak
at ∆y ∼ 5µm, visible in all the scans corresponding to the fluence F = 0.36
J/cm2, independently of the combination of RR and v. The secondary peaks
in the graph represent the residual waviness, with a period of 20-30 µm. The
primary peak is clearly related to the hatch distance of 5 µm.
To investigate the local morphology scans were performed over smaller areas
such as 10 × 10 µm2, with the same number of points of the previously dis-
cussed topographical maps, in order to increase the scanning resolution. An
example is given in fig. 2.8 (c), (d), reporting topographic and dephasing maps,
respectively. The local morphology showed elongated islands with lengths and
widths of ∼5 µm and ∼3 µm, respectively. The height of these islands was
typically of hundreds of nanometers. The phase map presented in fig. 2.8 (d)
and built by recording the dephasing between driving and tip oscillation sig-
nals, showed thin and elongated protrusions, oriented approximately 20 - 25
deg with respect to the Y direction and well-aligned with each other. Such
features are usually referred to as Laser Induced Periodic Surface Structures
(LIPSS) [82, 83, 84, 85]. In particular, the LIPSS observed in the present case
are defined as Low Spatial Frequency LIPSS (LSFL) [84, 85]. Their periodicity
has found to depend mainly on the wavelength λ of the laser source, and ranges
in between λ/2-λ.
The physical mechanisms underlying the formation of LIPSS involve the in-
teractions between the laser radiation and the cloud of free electrons of the
irradiated target. The study of such processes regards mainly conditions in
which the laser pulses hit the target in the same point. However, the processing
conditions of the surfaces considered here, involving overlaps between succes-
sive pulses, make this description more complicated. The previous pulses fired
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Figure 2.8: ShFM scans on a AISI 316L stainless steel sample processed at
F = 0.36J/cm2 , RR = 1MHz and v = 200cm/s: 80 × 80 µm2 topographic
map (a) and profile of the 2D-FFT (b) along the Y direction; 10 × 10 µm2

topographic (c) and dephasing (d) maps; topographic profile (e) of the two
maps (f) along the dashed segment reported in the map in (c) [76].

on the target, as well as the presence of slopes, could dramatically affect the
final surface morphology [74, 86, 87]. The LIPSS observed at low fluence cor-
responded to relatively small height variations. This feature is clearly visible
from topographical line-profiles , e. g. the one in fig. 2.8 (e), drawn along the
dashed line on the map in panel (c), where LIPSS appear as height variations of
few tens of nanometers. A 2D-FFT analysis of the topographical maps (fig. 2.8
(f)), revealed a most frequent spatial periodicity, ∆s ∼ 0.6µm, smaller than the
laser wavelength, hence compatible with LSFL. In the framework of the design
of antibacterial surfaces, LIPSS are generally expected to be compatible with
the occurrence of the fakir effect, mentioned in the section 1.2.2.
By increasing the fluence well above the ablation threshold, morphologies of
the laser-induced texture changed. For instance, fig. 2.3.4 shows 80 × 80 µm2

topographic maps acquired with different fluences for the processing condition
of RR = 500 kHz.

An increase in fluence led to higher and larger islands, or bumps, starting from
F = 0.48 J/cm2. At the maximum fluence explored, elongated ellipsoidal bumps
20-30 µm in transverse size were found, with a long axis oriented 30-45 deg with
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Figure 2.9: 80 × 80 µm2 topographic maps of samples processed at RR = 500
kHz, v = 100 cm/s and increasing fluence (a)-(d) [76].

respect to the Y direction. Their aspect ratio, i. e. the ratio between height
and transverse size, is maximum at the intermediate regime of fluence. For
instance, bumps occurring at F = 0.69 J/cm2, showed a transverse size of 6-
10 µm over the total scanned area, while they were 4-7 µm in height, yielding
a mean aspect ratio above 0.7. For comparison, the small islands observed
at low fluence showed a typical mean aspect ratio well below 0.5. Moreover,
the increase in transverse size with fluence didn’t correspond to any increase
in height, and therefore the mean aspect ratio maintained values well below
0.5. Similar laser-induced structures have been reported in AISI 316L steel [88],
with a total number of pulses up to several thousands. In particular, the conical
micro-spikes [88, 89, 90] induced by this processing strategy can be interpreted
on the basis of two effects:

� Competition between ablation and redeposition;

� A comparatively smaller ablation rate on inclined surfaces due to a lower
effective fluence, associated with a projection over a larger surface area of
the laser spot.

For these reasons, ablation could be inhibited in some regions of the target,
leading redeposition to prevail [88]. At higher fluence, the removal due to abla-
tion could take place over the whole surface, including inclined areas, producing
conical micrometric spikes. In this work a smaller number of laser passes (10)
is used. Unlike the low fluence regime, spacing and morphology of the bumps
didn’t depend on the hatch distance. Instead, hydrodynamic and electromag-
netic phenomena [91] could play a role in determining the transition from small
islands to large bumps and in ruling their morphology.
From a local analysis made on maps at higher resolutions, such as those shown
in fig. 2.10 for a sample processed at F = 0.69 J/cm2 and RR = 500 kHz,
aligned ridges can be seen forming an angle of ∼50 deg to the Y -direction,
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Figure 2.10: 10 × 10 µm2 topographic (a) and dephasing (b) maps of a sample
processed at F = 0.69 J/cm2 , RR = 500 kHz and v = 100 cm/s [76].

attributable to LIPSS, with periodicities smaller than λ/2, with λ the laser
wavelength, i. e. in the order of λ/3 and λ/4. These laser-induced structures
are called High Spatial Frequency LIPSS (HSFL) [84].
The importance of the laser fluence in determining the transition small islands-
bumps is therefore well highlighted by qualitative observations.
Modifications in surface morphology due to this transition can be well described
through specific metrological areal surface parameters. For instance, fig. 2.11 (a)
reports the Sq parameter as a function of F . This graph shows a non-monotonic
behaviour, with the exception of the combination RR = 100 kHz and v = 20
cm/s. Other combinations of RR and v result in a local minimum in Sq at
F = 0.86 J/cm2. This feature is representative of the transition from small
islands to bumps, occurring around this fluence value.

Figure 2.11: RMS roughness Sq (a), Density of peaks Spd (b), average motif
area Ama (c) and average motif slope Sks [76]. The parameters have been
calculated averaging over several 80 × 80 µm2 ShFM maps; the error bars have
been determined as standard deviation [74].

Correspondingly, at low F , increasing fluence led to textures with large and
sparse protrusions, and a consequent decrease in the density of peaks Spd. At
high fluences Spd had an asymptotic value above F = 0.86 J/cm2 , in correspon-
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dence of the local minimum in Sq, for all the combinations of RR and v. This
finding proofs that neighbouring small islands coalesced giving rise to larger
protrusions, eventually leading to large bumps.
Besides Sq and Spd, two additional metrological parameters have been calcu-
lated, the motif average area Ama, defined as the arithmetic mean area of the
surface hills, and the motif mean slope Sks, already mentioned in the section
2.3.3. A jump in Ama would be expected at the onset of coalescence, which
is not evident in fig. 2.11 (a) (note the relatively large error bars, determined
as the standard deviation of Ama over a set of topographic maps). In other
words, Spd and Ama were not adequate to fully characterise the coalescence,
since Spd lacked sensitivity in following the growth of surface features at high
fluence and Ama in detecting the process onset; fig. 2.11 (d) reports the motif
mean slope Sks as a function of the laser fluence. According to the definition of
Sks, increases in Sks lead to a decrease in the average aspect ratio of the laser
induced surface structures. As evident from the plot in fig. 2.11 (d), Sks showed
a jump at F > 0.69 J/cm2 for all RR, with the exception of RR = 100 kHz.
It can therefore be concluded that the coalescence of surface structures, with
a consequent growth in transverse size, occured while their height decreased.
Furthermore, at high F Sks showed a constant value within error bars, with the
exception of RR = 100 kHz.
The scanning strategy for the laser texurisation has been designed for the pro-
cessing at high values of RR, in order to reduce the processing times ad make
the technique more suitable for the industrial requirements. The specific role of
this parameter in determining surface morphology is worth to be clarified. For
instance, fig. 2.12 shows ShFM topographic maps of samples machined with the
four choices of RR and v and F = 0.69 J/cm2, a fluence determining the occur-
rence of bumps at RR = 500 kHz. By fixing F and decreasing RR, a transition
from bumps (fig. 2.12 (a) and (b)) to small islands (fig. 2.12 (d)), similar to
the one observed by varying F at fixed RR and v, was observed. Owing to the
processing strategy, the morphological changes found at changing RR must be
related exclusively to the time interval ∆t = 1/RR between subsequent pulses,
in this case ranging from 1 µs to 1 ms.
Several phenomena depend on ∆t, including effects related to heat accumula-
tion [92, 93]. The widespread two-temperature model [94] predicts small Heat
Affected Zones (HAZ) 3 due to the ultrafast character of the process.

In metals, the transverse size of HAZ is generally a few micrometers around the
irradiated portion of the target [95]. Nonetheless, repetitive pulsed irradiation
with high spatial overlap between consecutive shots could result in heat accumu-
lation, with a consequent heating. Thus, a small ∆t led to faster energy delivery
and higher temperatures. The combined effects of ablation and heat accumula-
tion are difficult to predict because the above cited phenomena occur together
with secondary effects, including structural, chemical and surface modifications.
An incubation effect is expected to result from the combination of these effects
[96, 97]. With the term incubation a reduction in the effective ablation thresh-
old is intended, occurring when increasing the number of pulses delivered to the
same portion of the target’s surface [98]. It’s therefore assumed that an increase
in RR could promote incubation effects due to heat accumulation.

3We define Heat Affected Zone (HAZ) the target’s portion interested by the processes
different than ablation occurring during or right after the laser-matter interaction.
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Figure 2.12: 80 × 80 µm2 ShFM topographic view of samples corresponding
to the fluence F = 0.69 J/cm2 and to the combinations of RR and v (a)-(d)
reported in legends.

This should lead to a progressive increase in the efficiency in terms of material
removal. It is therefore not surprising that the effects of a decrease in RR played
a qualitatively similar role to a decrease in F .
In principle, repetition rate could also be relevant in relation to the volume of
the ablation plume during pulsed laser irradiation. Material removal can be
described in terms of the production of neutral and ionised ablation plume [99].
The expansion of the plume takes place in a finite time depending on the process
parameters, among which we mention the ambient gas pressure. For example,
the plume is able to expand several millimetres above the target surface in ∼1 µs
after ultrashort laser irradiation of iron targets at 50 mbar ambient gas [100].
The experiments considered here were carried out in air, expected to further
quench plume expansion and slow down its dynamics. It can be expected that
for ∆t ≤ 2 µs, corresponding to RR ≥ 500 kHz, laser pulses interacted with
a relatively dense plume produced by preceding pulses. As a consequence, the
laser energy delivered to the target was subjected to a loss due to the plume ab-
sorption, that could reduce the efficiency of the laser induced phenomena taking
place with the solid material.

2.3.5 Role of the surface crystallinity

Further to process parameters, it is reasonable to assume that the morphology
of the laser induced structures is influenced by some physical properties of the
target, for example crystal structure [101]. In particular, the presence of grain
boundaries, i. e. discontinuities in the crystal structure, could result in variations
of the ablated volume per pulse, with a consequent influence on the transverse
morphology of the resulting surface features. To study the contribution of the
crystallinity of the irradiated target, a strategy was deployed, based on a com-
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parison between grain boundaries observed in optical images (or micrographs)
of electrochemically etched substrates and the shape of laser induced structures
in textured surfaces.

Figure 2.13: Left: Optical micrographs of electrochemically etched AISI 316L
plates, with 10% of oxalic acid in water. Right: histograms of grain areas
distributions for non-treated and thermally treated plates. The dashed vertical
line in each plot indicates the mean value of the distribution [75].

In order to apply laser treatments at fixed processing conditions, but on targets
with different crystallinity, a thermal treatment (or annealing) was applied to
AISI 316L plates before being textured. This thermal treatment consisted in
heating at 800°C for 1 h followed by cooling at room temperature. This pre-
liminary treatment was intended to affect the microstructure of the target, in
particular the typical grain size. To assess this, optical micrographs of the elec-
trochemically etched surface were obtained.
Results are shown in fig. 2.13, where a comparison between images of non-
treated and thermally treated substrates is made. The images were analysed
with the watershed segmentation, already cited in the subsection 2.3.3, in order
to identify the surface motifs enclosed by the grain boundaries. The histograms
of the spatial distribution of the grain areas, reported in fig. 2.13, demonstrates
a clear increase in the mean transverse grain size for the annealed target. To-
pographic maps of some of the samples produced by laser machining on the
thermally treated substrates are shown in fig. 2.14. Despite possible effects due
to the difference of surface roughness or chemical composition induced by the
thermal treatment, the morphology turned out apparently similar to the one of
the non treated samples obtained with the same laser processing parameters,
shown in fig. 2.15.
However, for laser fluences between 0.7 and 1.14 J/cm2, the thermal treatment
appeared to lead to an increase in the transverse size of the laser-induced struc-
tures.
Since the boundary of the laser induced bump-like structures, as ascertained by
dephasing maps, e. g. fig. 2.16, consisted of sharp and straight lines, and based
on the modifications detected in the grain morphology of thermally treated sub-
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Figure 2.14: ShFM three-dimensional pseudo-representations of the topograph-
ical maps of samples obtained from thermally treated plates. The substrate was
processed at RR = 1000kHz, v = 200cm/s, 10 laser passes and various laser
fluences, indicated in the legends [75].

Figure 2.15: ShFM three-dimensional pseudo-representations of the topograph-
ical maps of samples obtained from non-thermally treated plates. The substrate
was processed at RR = 1000kHz, v = 200cm/s, 10 laser passes and various laser
fluences, indicated in the legends [75].

strates, the finding supports the hypothesis on the effect of the grain boundaries
mentioned above.
Confirmations were achieved through a metrological treatment to the ShFM
maps; fig. 2.17 summarises the results obtained on the whole set of maps (sam-
ples machined at fluences above 0.7 J/cm2 have been considered in the analysis).

A direct comparison between the resulting histograms and those of the optical
micrographs showing the grain boundaries, fig. 2.13, could not be done because
of the different techniques used (optical and shear-force microscopies). However,
it is evident that samples produced on annealed substrates showed different
distributions of motif areas. In particular, at the maximum fluence explored
here the mean feature area was evaluated as (136 ± 25) µm2 and (225 ± 45)
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Figure 2.16: ShFM phase signal obtained from a sample obtained from a non-
thermally treated plate. The substrate was processed at RR = 1000kHz, v =
200cm/s, 10 laser passes and a fluence F = 1.69 J/cm2 [75].

Figure 2.17: Histograms reporting the distribution of motif areas determined
from ShFM maps of samples fabricated on non-thermally treated and thermally
treated substrates, as in legends. The dashed vertical lines in the plots indicate
the mean value of the distribution [75].

µm2 for non-thermally treated and thermally treated substrates, respectively.
Therefore, it can be inferred that there is a correlation between the occurrence
of grain boundaries on the irradiated target and the morphology of the surface
texture produced by laser texturing.
In conclusion, these studies open the way for identifying an additional processing
parameter, which should be taken under control to set in production a surface
with a tailored pattern and to grant an adequate level of reproducibility.

2.4 Study of the bacterial biofilm formation

2.4.1 Bacterial assays

The antibacterial properties of laser textured surfaces were studied at the ARTEST
centre (Modena, Italy) on several selected samples for E. coli and S. aureus. The
reason why such bacterial species were chosen is due to their different geometry
(E. coli is rod-like, while S. aureus is spherical) and the different response to
the Gram staining (E. coli is Gram-negative, while S. aureus is Gram-positive).
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According to the basic theories on the influence of the surface topography on
the bacterial adhesion, already mentioned in the section 1.2.2, it can be ex-
pected that the difference in the cellular geometry reflect in a different level of
adaptation to anisotropic textures. Furthermore, in the section 4.2 the different
response to the Gram-staining will be shown to correspond to differences in the
global stiffness of single cells, with a consequent variation in the capability to
adapt the cell curvature to the substrate. For these reasons, the choice of these
two bacterial species was dictated by the need to test the antibacterial behaviour
over the wider spectrum compatible with the experimental possibilities.
In order to work in standardised conditions, the method employed to study
the biofilm formation was based on the ISO 22196 and ISO 27447 standards.
The samples were ultrasonically cleaned for 15 minutes in acetone and rinsed in
ethanol for 10 minutes. They were subsequently dried with UV light to eliminate
all residuals of solvent. E. coli (ATCC 8739) and S. aureus (ATCC 6538 P) were
transferred into nutrient agar (NA) and incubated at 37°C for 24 hours. Then
the resulting product was transferred into NA and re-incubated for 18 hours at
the same temperature. This procedure responds to the ISO 27447, to grant an
adequate level of bacterial viability. The product was then diluted to N/500 to
reach an optical density4 (OD) of 0.5. This operation ensured the obtainment of
an isotonic solution. The resulting liquid was transferred in containers in which
the textured samples were submerged in horizontal position, with the textured
surface facing upwards, as shown in fig. 2.18.

Figure 2.18: Scheme of the procedure adopted in this work to contaminate laser
textured surfaces with bacterial species.

4The Optical density (OD) is an observable used to quantify the amount of bacteria in
suspension by measuring its turbidity. It is given by OD = − log10 T , where T is the trans-
mittance of the suspension, typically measured at wavelengths between 440 and 660 nm.
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The total duration of the contamination phase was of 24 hours and during this
period the container was stirred with a mechanical agitator, working at an agita-
tion frequency of 1.5 Hz and an amplitude of 30 mm. The contaminated samples
were then left in air for 120 s in vertical position to eliminate the residuals of
liquid. According to the ISO 18593 for the sampling of bacterial biofilm, the
residual microorganisms on the contaminated samples were quantified by tak-
ing orthogonal surface swabs. The swab was performed on areas of 50 mm×40
mm. The biofilm withdrawal was then diluted, seeded into NA and incubated
at 37°C for 48 hours. The retained microorganisms were quantified in terms of
the colony forming units (cfu).

2.4.2 Experimental results

The morphological analysis of the laser treated metallic substrates led to the in-
dividuation of laser-induced textures that, in the framework of the basic theories
on the role of surface roughness on biofilm formation, should contrast the bacte-
rial attachment. Among the studied processing parameters, the most promising
choices are the ones leading to the formation of LIPSS. To compare the bacterial
retention for LIPSS to other textures that, in principle, should promote the bac-
terial adhesion, the studies on the bacterial retention have been performed also
for a texture, referred as “spikes”, featuring structures larger than the bacterial
size, which, therefore should promote physico-chemical phenomena leading to
an enhancement of the bacterial adhesion. Together with LIPSS and spikes,
another texture has been tested, called nano-pillars, to exploit the possibility
of modifying LIPSS geometry by adopting pulses with an azimuthal radiation
polarisation instead of a linear polarisation. This is a relevant feature, since
LIPSS are known to be aligned orthogonal to polarisation.
For instance, fig. 2.20 (a) shows a CDD camera image of the beam intensity
pattern of an azimuthally polarised laser beam, obtained with an Altechna s-
waveplate polarizer. The resulting “donut” shape of the laser intensity profile
produced the surface structures in the SEM image shown in fig. 2.20 (b).
This image exhibits LIPSS developing from the centre to the border of the
beam, perpendicular to the polarisation direction (indicated by the arrows).
fig. 2.20 shows a representative line obtained on samples after scanning with
this setup at 1 m/s and a repetition rate of 250 kHz. The resulting LIPSS
develop in different directions at the edges of the line, while in the centre of the
scanning line are oriented along the scanning direction. When irradiating several
subsequent lines with a specific separation hatch distance (in this case equal to
5 µm), the superposition between the scanning lines leads to the occurrence
of the nano-pillars, cited above. The morphologies of the selected textures are
reported in the SEM images in fig. 2.19. In accordance with the observations
deriving from the ShFM topographic maps, reported in the subsection 2.3.4, the
spikes, shown in fig. 2.19 (a), appear in the SEM images as nearly ellipsoidal
columnar structures. The accordance with the ShFM analyses is favoured by the
high fluence used, that led to deep grooves, adequately resolved by the ShFM
technique. The processing parameters related to the three textures are resumed
in the table 2.3.
As shown in fig. 2.19 (a), the spikes are covered by nanostructures, similar
in transverse size and shape to the LIPSS. These last structures are barely
resolved by the ShFM topographical maps, due to the small variations in height,
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Figure 2.19: SEM images of laser textured AISI 316L substrates: (a) Spikes (left:
1000×, right: 5000×), (b) LIPSS (left: 5000×, right: 50000×), (c) Nano-pillars
(left: 5000×, right: 50000×) [32].

much smaller than that of grooves. As pointed out in the subsection 2.3.4,
the morphology of LIPSS obtained from the SEM images revealed ridge-like
structures perpendicular to the direction of the laser polarisation, with a spatial
period of ∼0.7 µm, i. e. a large fraction of the laser wavelength. In addition,
such structures showed bifurcations, determining discontinuities along LIPSS
length. The ultrashort source employed to fabricate such structures determined
the occurrence of nanostructures, i. e. bubble-like features, superposed to the
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Figure 2.20: (a) Beam intensity pattern of an azimuthally polarised laser beam,
recorded wih a CCD camera; (b) SEM image of the laser-induced structures on
AISI 316L stainless steel after irradiation with a single azimuthally polarised
laser pulse; (c) SEM image of the surface irradiated with a laser source moving
on a straight line and emitting azimuthally polarised pulses at RR =250 kHz
[32].

Parameter Spikes LIPSS Nano-pillars
Polarization Linear Linear Azimuthal

Repetition rate RR
(kHz)

1000 1000 250

Pulse energy (µJ) 19.1 1.01 1.46
Scanning speed v

(cm/s)
200 100 100

Hatch distance h
(µm)

5 5 5

Number of passes 10 1 1

Table 2.3: Laser processing parameters for the laser textures amployed for the
bacterial assays [32].

LIPSS (see fig. 2.19). With respect to the LIPSS texture, the nano-pillars
displayed a more isotropic texture, made of small columnar structures, whose
sizes were large fractions of µm, covered by bubble-like nanostructures.

The surface of the samples was investigated also by the CSI technique, that
enabled analysing the morphology over a larger area than ShFM, hence a bet-
ter statistical description of larger surface protrusions. The topographical map
(fig. 2.21 (a)) revealed rather uniform columnar structures with an average peak
separation of 20-40 µm and Sa =8.6 µm. The skewness Ssk is equal to -0.10,
indicating an abundance in valleys over peaks. The topographical maps of the
LIPSS structures revealed ridge separations distributed between 0.5-0.9 µm, and
an areal average roughness Sa = 90nm. It must be noted that the topographic
view of the LIPSS looks quite different with respect to the SEM view, due to the
specific (nonlinear) sensitivity in topography for the SEM technique. The LIPSS
texture showed a skewness of 0.13, indicating a richness in peaks over valleys.
Finally, the nano-pillars exhibited structures with a uniform texture, featuring
a peak separation of 0.8-1.3 µm and an areal average roughness Sa = 60 nm.
In this case, the skewness on the analysed area is equal to 0.54, thus indicating
a richness in peaks with respect to the LIPSS texture. However, all the inves-
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Figure 2.21: Topographic maps of laser-textured surfaces: (a) Spikes (acquired
with the CSI technique), (b) LIPSS (obtained with ShFM) and (c) Nano-pillars
(obtained with ShFM) [32].

tigated textures showed values of Sa larger than surfaces obtained on the same
material after mirror polishing (30 nm), as for the substrates used in the laser
machining process.
Besides the spikes, LIPSS, nano-pillars and mirror polished surfaces, the level
of biofilm formation on the mirror polished surfaces has been compared to non
treated (control) samples, characterised by and areal average surface roughness
of 0.37 µm, which is a representative value for the typical roughness in agrifood
industry standard.

The results on the bacterial retention of E. coli and S. aureus are shown in
fig. 2.22 for all tested surfaces. Data, quantified in terms of colony forming units,
as explained in the subsection 2.4.1, were normalised to the control sample tested
under the same conditions. Therefore, values below 1 represent an antibacterial
behaviour with respect to the control sample, i. e. the standard for commonly
adopted in industrial agrifood applications. Mirror-polished surfaces displayed a
dependence on bacterial species. In particular, the antibacterial behaviour was
clearly evidenced only for the S. aureus species, while no significant difference
with respect to the control sample was found for E. coli, within the experimental
error.
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Figure 2.22: Geometric Average of the amount of bacterial biofilm, measured
with the technique explained in detail in the subsection 2.4.1, for E. coli and S.
aureus bacterial species. The results regards mirror-polished and laser-treated
surfaces called spikes, LIPSS and nano-pillars. Two different versions of LIPSS
were studied: an hydrophobic version, indicated as “LIPSS”, contaminated both
with E.coli and S. aureus, and an “hydrophilic version” contaminated only with
E. coli. Finally, the “LIPSS REPEAT” bin of the histogram indicates a second
contamination of the hydrophobic LIPSS with E. coli. The displayed values are
normalised to the value of the control samples (Sa =0.37 µm). Error bars rep-
resent the differences between the maximum and the minimum value obtained
in different measurements.
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A similar behaviour was found for spikes, with a reduction in S. aureus retention
by 69.8%.
An hypothesis for the similar behaviour of mirror-polished and spikes can be
found in the experimental conditions of bacterial contamination. In fact. it
can be expected that the fluido-dynamic conditions during the contamination
experiment, i. e. maintaining the bacterial culture in agitation, could lead to a
turbulent regime. In this case, the sheltering effect, already mentioned in the
section 1.2.2, could not have a significant role. From the point of view of the
reduction of the biofilm formation, LIPSS and nano-pillars showed the most in-
teresting textures, since they exhibit low residual bacterial biofilm for both cell
types, with very large reductions obtained for E. coli. LIPSS lead to the largest
reduction, equal 99.8% for E. coli and 84.7% for S. aureus. These results are in
accordance with the work of Epperlein et al. [111], who observed an analogous
antibacterial behaviour on stainless steel surfaces with LIPSS compared to pol-
ished specimens. Nano-pillars performed similarly, with reductions of 99.2% and
79.9%, respectively. In principle, since a generic interfacial properties is always
the result of an intimate combination between surface topography and surface
chemistry, it has been supposed a role in the surface chemistry in determining
the biofilm formation.
Only for the LIPSS texture, this role has been studied by exploiting a surface
phenomenon involving the laser processed structures. It is known that, imme-
diately after the laser treatment, the surfaces of stainless steel are hydrophilic
[102]. However, by ageing the treated surface in air, a transition between hy-
drophilic to hydrophobic occurs, with the reach of an asymptotic contact angle
in a time scale of a few weeks. This behaviour has been verified also for the
samples considered here [103]. There are several theories behind this behaviour.
Faas et al. [104] attributed this transition to the deposition of hydrocarbons
on the sample’s surface, probably coming for the atmosphere of ageing. Kietzig
et al. [102] ascribed the phenomenon to the occurrence of vacancies of oxy-
gen atoms on the sample’s surface, that are progressively saturated by atoms
coming from the molecules in air. In particular, the final static contact an-
gles are the result of a competition between the saturation of oxygen coming
from carbon dioxide, responsible for the increase in the surface hydrophobicity,
and oxygen coming from water molecules, responsible for the preservation of
the surface hydrophilicity. These observations are supported by the fact that
an ageing in an atmosphere rich in carbon dioxide leads to larger asymptotic
contact angles, while the transition hydrophilic-hydrophobic can be inhibited by
keeping the laser treated samples for 48 hours in water at 100°C. This procedure
was applied to the samples denoted as “hydrophilic LIPSS”, to assess possible
role of the surface chemistry. Similarly to the hydrophobic ones, the hydrophilic
LIPSS exhibited a 98.5% reduction in E. coli cell numbers but somewhat greater
data dispersion. Finally, hydrophobic LIPSS samples undergoing a second con-
tamination cycle exhibited a 99.1% reduction in E. coli retention, indicating a
negligible reduction in antibacterial behaviour. In conclusion, the similarities in
the antibacterial properties of hydrophobic and hydrophilic LIPSS suggest that
in this case the surface chemistry has a minor role. However, this observation
could not be definitive, due to the macroscopic character of the bacterial assays,
leading to a wide dispersion of the results.
The observed behaviour can be interpreted in the framework of the accepted
theories on the role of the surface protrusions smaller than the cellular size.
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Rod-shaped E. coli, with a radius of approximately ∼ 0.5 µm and a length of ∼
2 µm, corresponds to a “cell area” of approximately ∼ 2 µm2. A reduction in
the cell-substrate contact area is therefore expected for Spd > 0.5 µm−2. This
observation is supported by other studies, showing that large and sparse struc-
tures lead to a reduction in E. coli biofilm [105]. Spherical S. aureus cells, with
a radius of ∼ 0.5 µm, occupy an area of ∼ 1 µm2/cell. In this case, a reduction
in the contact area is therefore expected for Spd >4 µm−2. Though such values
are based on purely geometric considerations, based on the rough assumption
of a perfectly rigid bacterium interacting exclusively via contact interactions,
they provide approximate threshold values that can be compared with readily
measurable topographical data. In the case of spikes, Spd =1.7 × 10−3 µm−2,
some three orders of magnitude lower than the threshold value for E. coli. The
density of peaks of LIPSS and nano-pillars are instead 1.1 µm−2 and 1.3 µm−2,
respectively, greater than the threshold value of 0.5 µm−2 for E. coli, but below
4 µm−2 for S. aureus. Therefore, despite such surfaces show an antibacterial
behaviour, they do not match the requirements for an effective reduction in con-
tact area. The reason of this can be presumably researched in the resolution of
the topographic analysis, that doesn’t allow to resolve sub-micrometric features
and, mostly, to the occurrence of additional phenomena, not accounted for in
the above mentioned pictures.



Chapter 3

Fluido-dynamic simulations
of soft bacterial cells

3.1 Motivation

The experimental results shown in the previous chapters illustrate that the
ultrashort laser texturing is a powerful approach to provide an antibacterial be-
haviour to a stainless-steel surface. However, the technique employed to assess
the level of bacterial contamination of the treated surfaces is based on a macro-
scopic, or spatial-averaged, analysis. Therefore, the consequent measurements
led to large error bars, due to the large fluctuations of the results in different
portions of the processed area. Of course, one of the reasons of this behaviour
is to be found also in the intrinsic random nature of the bacterial systems made
of cells whose physico-chemical properties may significantly vary even within
the same bacterial strain. Furthermore, despite the macroscopic uniformity of
the laser treatment, within the length scales involving the interactions of single
cells or small clusters of cells in the first stages of the bacterial adhesion, the
antibacterial response of the treated sample could in principle vary of several
orders of magnitude in different portions of the treated area. As we pointed out
in the subsection 2.4.2, the antibacterial response of analogous textures with
different wettability seems to suggest that, in this specific situation, the surface
topography induced by the laser treatment is dominant over the surface chem-
istry in leading to the observed antibacterial behaviour.
However, the disperse character of the experimental results doesn’t fully clar-
ify if there is an effective contribution of the chemical interactions with the
functional groups induced on the sample’s surface by the laser treatment. The
determination of the relative contribution of the surface chemistry and/or of the
surface topography in determining the antibacterial behaviour is made difficult
by the circumstance that, despite the laser treatment ensures a quite accurate
control in the morphology of the laser induced textures, the surface chemistry is
not well controlled due to the intrinsic inhomogeneities in the intensity profile
of the laser source and to the inhomogeneities in the grain-like structure of the
metallic target, further to the poorly controlled conditions of the environment
during the process. The use of coatings, e. g. silanised surfaces, has been widely
reported to study the effects of a variation in the chemical composition on the
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surface properties at fixed topography [106, 107, 108]. However, this approach is
employed to study those surface observables, such as wettability, whose length
scale is relatively large (∼ 1 mm or larger). Instead, the process of bacterial
colonisation involves multiple length scales that, especially in the initial steps
of the bacterial adhesion (see section 5.1), are far smaller than 1 mm.
Another issue regards the pictures about the effect of the surface roughness on
the antibacterial behaviour. In fact, as we mentioned in the subsection 1.2.2,
the basic ideas on how textured surfaces promote or hinder the bacterial adhe-
sion, i. e. the so-called sheltering effect, relates to the presence of micrometric
protrusions, whose size is larger than the typical size of a single bacterial cell,
and the reduction of the contact area is only partially justified by experimental
studies. Furthermore, such recent experimental investigations [50, 109, 110] use
expensive surface treatments whose resulting protrusions are sharp enough to
permanently damage the bacterial cells. This behaviour is well visible in SEM
and optical images. Presumably, ultrashort laser texturing is not able to provide
a level of sharpness high enough to pierce through the bacterial cell wall. How-
ever, as shown by the results presented in the previous chapters and in other
studies appeared in the literature [111], this technique allows to contrast the
bacterial biofilm formation with a relatively high efficiency. For these reasons,
one may wonder:

� Is the surface topography really the dominant contribution over the surface
chemistry?

� What is the role of the sheltering effect?

� Are the sub-micrometric protrusions the main responsible for a significant
reduction of the cell-substrate contact area? If not, are the mechanical
stresses provided to the cell wall significant in damaging the cell wall?

As we will point out in the section 5.1, the design of textured antibacterial
surfaces requires an adequate understanding of the mechanisms involving the
first stages of the bacterial adhesion, in which a single bacterial cell, initially
surrounded by a liquid, approaches the substrate eventually interacting with it.
In this scenario, the adoption of a computational approach simulating the inter-
actions between a single bacterial cell and a textured surface could constitute a
valid ally of the experimental techniques [112]. As regards the chemical contri-
bution, the strength of the method consists in varying the parameters related to
the surface interactions by keeping the surface topography fixed, and vice-versa,
allowing to independently study the relative contribution of the two properties.
Furthermore, in simulated experiments the local mechanical stresses acting on
the cell wall are measurable from the bonding parameters of the simulated sys-
tem. As clarified in the section 5.1, the adhesion of a single cell to a surface
can be deeply influenced by the hydrodynamic motion of the region close to
the substrate. In this sense, a simulation procedure requires to model a fluid
surrounding the cell.
In this work, this goal is achieved with the help of the open-source package
object-in-fluid [113] implemented in the framework of the software ESPResSo 1

[114]. In the section 3.2 of this chapter the problem of the length and of the

1Acronym: Extensible Simulation Package for Research on Soft Matter.
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time scales involved in the study of the motion of soft bacterial cells in fluids
will be . In the section 3.3 an overview of the algorithm used in this work to
model the fluid, i. e. the Lattice-Boltzmann algorithm (LB) will be given. In
the section 3.4, the method used to calculate the numerical trajectory for the
motion of the bacterial cell is illustrated. Finally, in the section 3.5, we will
describe the technique used to couple the bacterial cell with the fluid.

3.2 Length and time scales in a fluido-dynamic
simulation

A fluid system is generally composed of a system of atoms or molecules. How-
ever, since the number of particles is on the order of the Avogadro’s constant,
it’s impossible to track the position of each single particle step by step. There-
fore, the system is often described in terms of macroscopic observables, obtained
by averaging out the system’s properties at length and time scales at which we
cannot resolve the physical behaviour of the system itself. The typical hierarchy
of the length scales involved in the physical description of a fluid includes, from
the least to greatest [115]:

� The size of a single atom or molecule;

� The mean free path, i. e. the mean distance traveled by a particle between
two successive collisions with other two particles;

� The length scales l at which the relevant macroscopic observables signifi-
cantly vary;

� The size of the box that contains the system under investigation.

The typical description from the point of view of the simulation distinguishes
three scales:

� The macroscopic scale: the system is depicted in terms of its density and
the velocity field. The physical behaviour is described by the Navier-
Stokes equations [115];

� The microscopic scale: the system is represented as an ensemble of atoms
or molecules. The physical behaviour of each particle of the system is
described by the Newtonian mechanics;

� The mesoscale: intermediate between the macroscopic and the microscopic
scales. Within this context, since it is not possible to track the instanta-
neous position of each particle of the system, their positions are described
in terms of a statistical distribution. This scale is typical of biophysical
systems, whose behaviour is often described by neglecting the molecular
details [117, 118, 119].

As regards the time scales, the typical hierarchy includes, from the least to the
greatest:

� The duration of a collision between two particles;
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� The mean flight time, i. e. the time between two consecutive collisions of
the same particle with two other ones;

� At longer time scales, two fluido-dynamic regimes can be distinguished:
if the inertial effects dominate over the viscous effects, the time scale
with which the system evolves can be estimated as tconv ∼ l/u, where
u is the velocity field; in the opposite condition, in which the viscous
effects dominate over the inertial effects, the time scale is estimated as
tdiff ∼ l2/ν, where ν is the kinematic viscosity. The relative contribution
of inertial and viscous effects is usually quantified in terms of the Reynolds
number [115]:

Re =
tdiff
tconv

=
ul

ν
. (3.1)

In particular, the typical values of the Reynolds number in the motion of
self-propelled bacteria are in the range of Re = 10−6 − 10−3 [120] 2. This
low-Re regime, called Stokes regime [121], is often described as a motion
in a viscous molasses [122].

3.3 Lattice Boltzmann algorithm: an overview

3.3.1 The Boltzmann equation

The determination of analytical solutions of the Navier-Stokes equations is pos-
sible only in particular conditions, when the domain of integration is relatively
simple. Therefore, a series of methods has been introduced in order to find
numerical solutions expressing the fluid velocity field satisfying the appropri-
ate boundary conditions. In addition to “conventional” approaches, based on
the discrete resolution of the Navier-Stokes equations, there is another series
of techniques, representing the fluid as an ensemble of particles. Among the
methods used to study the velocity field in the neighboroud of a cell in Stokes
regime, the Multi-Particle Collision Dynamics (MPC) [123, 124], the Dissipa-
tive Particle Dynamics (DPD) [125, 126] and the Lattice Boltzmann (LB) can
be mentioned. In this work, the fluid is modelled with the latter. The LB
method is based on the description of a system of particles in the framework of
the kinetic theory of gases.
Consider a system of N particles. If a single collision event is elastic and in-
stantaneous, the most probable collision event occurring in the system can be
expected to involve up to two particles. The experimental equivalent of such
system can be typically found in dilute gases. Due to the impossibility to re-
solve the time duration of a single collision event, the problem is supposed to
be studied in the time scale of the mean flight time. This mesoscale description
imposes to represent the positions and the velocities of the particles in terms of
a statistical distribution, f(~r, ~p, t), where ~r and ~p represent the position and the
momentum vectors of the particle, respectively. The meaning of such function
is that the quantity f(~r, ~p, t)d3qd3p represents the probability of finding a single
particle in the infinitesimal volume d3qd3p around the point (~q, ~p) in the phase

2A self-propelled particle is defined as an object with the capability to convert the energy
of the surrounding environment into kinetic energy through various mechanisms.
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space at time t.
The temporal evolution of f(~r, ~p) is known once the total time derivative of
f , df

dt is known. The temporal dependence of f is expressed by the Boltzmann
equation:

∂f

∂t
+ ~r · ∇~rf + ~F · ∇~rf = Ω(f) , (3.2)

where Ω(f) is called collision operator and takes into account the variations
in the number of particles in an infinitesimal volume in the phase space per
unit time. Finally, in a Cartesian system of coordinates x, y and z, one has

~∇~rf ≡
(
∂f
∂x ,

∂f
∂y ,

∂f
∂z

)
.

3.3.2 Basic equations

According to the LB approach, in the domain of resolution of the fluido-dynamic
equations the positions of the particles composing the system are confined in
a lattice with a characteristic spacing d. Typically, this lattice is a square
in two-dimensions, while it is a simple cubic lattice in three-dimensions. The
main difference distinguishing the LB method with respect to the anticipations
mentioned in the subsection 3.3.1, is that, while f(~r, ~p, t) foresees values of ~p
spanning in a continuous interval established by the thermodynamic conditions,
in the LB method a single particle can assume only discrete velocities, indicated
by ~ci = (cix, ciy, ciz) with i = 0, ..., q − 1, with q an integer. As we will point
out in the following, the value of q distinguishes a particular version of the LB
algorithm. In addition, the particle distribution is defined at discrete times,
characterised by a time step ∆t. With such assumptions, the counterpart of the
“continuous” distribution function is the so-called discrete-velocity distribution
function fi(~r, t), representing the density of particles occupying the position ~r
at time t with the velocity {~ci}. Therefore, the particle density ρ(~r, t) and the
velocity field ~u(~r, t) can be reconstructed:

ρ(~r, t) =
∑
i

fi(~r, t) , (3.3)

~u(~r, t) =
1

ρ

∑
i

~cifi(~r, t) . (3.4)

The introduction of discrete velocities and times implies that a particle initially
placed in a lattice node can reach only a discrete number of lattice nodes. The
values of the available vectors ~ci give the name to the particular version of the
LB algorithm.
Let us consider the schematic representation in fig. 3.1, showing a single lattice
node surrounded by eight unit cells. The particular version of the LB algo-
rithm employed in this work provides that, within a single time step, a particle
occupying the central lattice node will access only the 19 positions indicated
by the displacement vectors in fig. 3.1. Note that such displacements include
also the case in which the particle doesn’t move, i. e. the point 0 in fig. 3.1.
Each displacement corresponds to a vector ~ci, i = 0, ..., 18. For these reason,
this specific version of the LB algorithm is called D3Q19, where “D3” indicates
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Figure 3.1: Schematic representation of the available velocity vectors {~ci} in the
D3Q19 algorithm, the version of the LB method employed in this work [127].

the dimensionality, while “Q19” is referred to the available values of particle
velocities.
Accounting for the introduction of fi(~r, t), the Boltzmann equation can be dis-
cretised as

fi(~r + ~ci∆t, t+ ∆t) = fi(~r, t) + Ωi(~ri, t) ; (3.5)

in particular, the collision operator Ωi(~r, t) can be expanded in a series of terms
depending on a characteristic time τ , related to the rate with which the system
relaxes to an equilibrium configuration. However, the D3Q19 algorithm imple-
mented in the ESPResSo package employs the so-called Bhatnagar-Gross-Krook
(BGK) operator, corresponding to a second-order truncation of such a series,
given by

Ωi(f) = −fi − f
eq
i

τ
∆t, (3.6)

where

feqi (~r, t) = wiρ(~r, t)

(
1 +

~u(~r, t) · ~ci
c2s

+
(~u(~r, t) · ~ci)2

2c4s
− u(~r, t)2

2c2s

)
. (3.7)

The operator 3.6 determines a “relaxation” of fi towards feqi , with a time scale
given by τ . The feqi (~r, t) function is chosen so that the conditions 3.3 and 3.4 are
satisfied. This ensures the mass and momentum conservation. In the eq. 3.7, wi
is a number that is used to weight the contribution related to the ~ci vector. The
set {wi}, together with the set {~ci}, are representative of the particular version
of the LB algorithm3. Finally, the cs parameter is the speed of sound, and it

3The specific values of {~ci, wi} for the D3Q19 LB algorithm are available in several refer-
ences, such as [115].
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is given by cs = (1/3)(∆x2/∆t2). The kinematic viscosity in the macroscopic
system can be calculated as [114, 115]

ν = c2s

(
τ − ∆t

2

)
. (3.8)

3.3.3 Computational implementation

At the beginning of the simulation, the distribution feqi (~r, t = 0) is properly
initialised.
The simulation is an alternation of two phases:

� in the collisional step, the values of fi(~r, t) are updated by using the BGK
operator, according to the relation:

f∗i (~r, t) = fi(~r, t)−
∆t

τ

(
fi(~r, t)− feqi (~r, t)

)
, (3.9)

where feqi is determined from the fi before the collisional step.

� In the streaming step, the f∗i function is updated accounting for the prop-
agation of particles to the lattice points:

fi(~r + ~ci∆t, t+ ∆t) = f∗i (~r, t) . (3.10)

The result is an updated fi that is used to compute the updated ρ and ~u
and, consequently, the updated feqi . These quantities will be employed in the
following iteration of the algorithm.

3.4 Simulation of a soft cell

In the simulation adopted in this work, the cell is represented as a triangular
mesh, i. e. a net of nodes, made of triangular faces. The dynamics of the
cellular mesh is described according to the approach of Molecular Dynamics
(MD). Within this frame, a generic node i moves according to a Newtonian
equation:

m
d~vi
dt

= ~FBi + ~Fi,fluid + ~Fi,int , (3.11)

where ~vi is the node velocity, m its mass, ~FBi the total force resulting from

the interaction with the mesh nodes to which the node is bonded, ~Fi,fluid is

the force applied by the fluid, and ~Fi,int is the total force of interaction with a
substrate.
The equations of motion are integrated with the Verlet algorithm, a common and
simple-in-use procedure used to find numerical solutions of Newton equations of
motion by discretising the time variable. This approach allows to determine the
trajectory of the motion with an error of O(δt4), where δt is the amplitude of
the time step, within the hypothesis that the forces acting on the system are not
dependent on the velocities. The version of the Verlet algorithm employed in
the ESPResSo software is called Velocity-Verlet algorithm. Despite this version
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leads to the same results of the general Verlet algorithm, it involves an explicit
determination of the position and the velocity at the same time.
Let ~ri(t), ~vi(t) and ~Fi(t) be the positions, the velocity, and the total force
respectively acting at the time t on the node i. The two basic equations of the
Velocity-Verlet algorithm, used to determine the corresponding variables at the
time t+ δt, are:

~ri(t+ δt) = ~ri(t) + δt~vi(t) +
δt2

2m
~Fi(t) (3.12)

~vi(t+ δt) = ~vi(t) +
δt2

2m

[
~Fi(t) + ~Fi(t+ ∆t)

]
. (3.13)

The integration of the equations of motion occurs via the following steps:

� The position ~ri(t+ ∆t) is calculated with the eq. 3.12;

� The force ~Fi(t+ ∆t) is calculated by using the ~ri(t+ ∆t);

� The velocity ~vi(t + ∆t) is calculated by from the eq. 3.13 with the force
~Fi(t+ ∆t).

At the end of this procedure, the new values of velocity are employed in the
successive step of the algorithm. Despite this method is less accurate than other
similar approaches in determining the trajectory of motion, the strength are its
time-reversibility and the accuracy with which the total energy is conserved
during the simulation [128].

3.5 Coupling between the LB fluid and a soft
object

In order to implement in the simulation a soft mesh interacting with the com-
putational fluid, it is necessary to couple the cellular mesh to the surrounding
fluid. During the simulation, the cell can travel through the LB lattice. As
mentioned in the subsection 3.4, the cell is represented as a triangular mesh.
The package object-in-fluid [116] realises the coupling between the mesh and

the computational fluid through the term ~Fi,fluid in the eq. 3.11. This term
is proportional to the difference between the velocity ~vi of the node i and the
fluid velocity ~u(~ri, t) in the position of the node i, obtained with a multilinear
interpolation (see fig. 3.2) [129]:

~Fi,fluid = ξ(~u(~ri, t)− ~vi) . (3.14)

~Fi,fluid depends on the coupling parameter ξ. By fixing the node mass, the value
ξ resulting in a behaviour coherent with the physics of the problem is found to
be dependent on the volume of the cellular mesh, and therefore it needs to be
appropriately calibrated. To achieve this, there are several techniques simulat-
ing typical experimental conditions [130]. The calibration procedure employed
for this work is illustrated in detail in the section 6.4.
To conclude this section, a clarification on the implementation of the interac-
tions between the cellular mesh and the substrate is needed. The ESPResSo
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Figure 3.2: Image illustrating the method for determining the interpolated ve-
locity of the LB fluid on a node of a mesh [129]. The fluid velocity responsible
for the coupling with the mesh is determined by the values of the fluid velocity
field on the lattice nodes close to the cell node.

software involves the possibility to introduce a series of user-defined constraints
and to set the corresponding size and orientation of the mesh representing the
substrate. The software involves also the possibility to calculate the interactions
acting on a specific constraint [129]. However, this solution revealed unpractical
for the purposes of the present work: first of all, the series of possible constraints
is made of a relatively limited number of simple shapes. This feature doesn’t
allow to define complex and quasi-random substrates, as for our purposes. Fur-
thermore, it is not clear which is the number density of the force centres on the
substrate’s surface and whether this quantity varies with the constraint’s size,
or not. For these reasons, in this work the constraint representing the substrate
has been introduced as “another cellular mesh” anchored on the bottom of the
simulation box and kept fixed. Despite, in principle, this solution provides less
accurate boundary conditions, it allows to accurately set the number of centres
of force interacting with the cellular nodes. In addition, this solution allows to
introduce complex constraints, with the additional capability to replicate in the
computation experimental data on the topography of the textured surfaces.
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Chapter 4

Bacterial cell wall

4.1 The importance of the bacterial cell wall

The cell wall is one of the most important structures for the microbial life. De-
spite there are examples of bacteria without a cell wall, e. g. Mycoplasma, the
most part of bacteria on the earth (almost 90%) have this structure, suggesting
its importance in the evolution path [131]. The cell wall is located outside the
cell membrane, separating it from the external environment. First of all, the cell
wall influences in a determinant way the mechanical properties of the whole cell:
in particular, the peptidoglycan, one of the most abundant components of the
cell wall, provides rigidity to the external cellular shell, not achievable with the
cell membrane alone. Due to the high gradients of salt concentration between
the interior and the outside of the cell, the cell wall presents an high osmotic
pressure, called turgor pressure, ranging from 2-4 atm for Gram-negative, to
20-25 atm for Gram-positive bacteria [132]. The rigidity provided by the pep-
tidoglycan is crucial to bear such high pressures. In addition, such rigidity is
useful in contrasting the losses of liquids due to osmotic processes or, on the
other hand, the bursting due to excess of liquids. The mechanical properties
of the cell wall have a determinant role in preserving the cell shape, a feature
strictly correlated to some vital functions, i. e. intake of nutrients, replication,
motion, etc. The peptidoglycan, together with the outer cell molecular enve-
lope, act as a barrier against cytotoxic chemicals [131]. Finally, the molecules
on the outermost surface of the cell wall are among the most responsible of the
bacterial infections.
In the following sections of this chapter, an overview will be given of the ba-
sic properties of the bacterial cell wall, focusing the attention onto mechanical
properties, the main object of this work. In the section 4.2 properties and func-
tion of the peptidoglycan, one of the most abundant and relevant components
of the cell wall, will be briefly discussed. In the section 4.3 it will be explained
how the mechanical properties of single bacterial cells can be measured. This
last issue will be of particular importance in the section 6.5, dedicated to the
calibration of the computational stiffness parameters.
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4.2 The peptidoglycan (PG)

4.2.1 Notes on the molecular structure of PG

Figure 4.1: Schematic representation of the molecular structure of the peptido-
glycan. The glycan strands are represented as chains of yellow ellipses, the t
indicates the NAG and NAM monomeric units. The peptide bridges are repre-
sented in blue [133].

It is known that the dominant contribution to the cellular mechanical stiffness
is provided by peptidoglycan (PG). In nature, this complex molecular structure
can be produced only by bacteria. In fig. 4.1, a schematic representation of the
peptidoglycan structure is shown. The polymeric structure is found to have a
net-like shape and the main component is constituted by linear polysaccharide
chains, i. e. the glycan strands, represented in fig. 4.1 as chains of yellow el-
lipses. The glycan strands are linked together by peptide cross-links, indicated
in fig. 4.1 in blue. The glycan strands are linear alternate copolymers, whose
repeating unit is a dimer of N-acetylglucosamine (NAG) and N-acetylmuramic
acid (NAM). This unit element is often called disaccharide unit (DS) and it
is employed as an unit of length in the experimental studies on the statistical
distribution of lengths in glycan strands1. In all the bacterial cells, the pep-
tide cross-links contain a tetrapeptide, called stem, bonded to the NAM unit,
composed of four amino-acids, i. e. L-alanine, D-glutamine, L-lysine, or meso-
diaminopimelic-acid (DPA) and D-alanine. The two stems of a peptide-bridge
can be linked with a direct bond between the D-alanine and the L-lysine or DPA,
or by an interbridge of amino-acids, as in Gram-positive bacteria. The percent-
age of stems bonded together is called cross-linking, and its measure is used as
an index of the PG architecture. It is known that high levels of cross-linking
result in a more rigid cell wall [134].

1A DS has a typical length of 1.03 nm [135].
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4.2.2 Gram-positive and Gram-negative bacteria

The most part of bacterial species on the hearth are classified into two cate-
gories, according to the response to the experimental assay called Gram stain-
ing: the Gram-positive and Gram-negative bacteria2. The advent of electron
microscopes enabled correlating the response of the Gram staining to the mor-
phological properties of the cell wall.

(a) Gram-positive cell wall

(b) Gram-negative cell wall

Figure 4.2: Schematic view of the organisation of bacterial cell wall in Gram-
positive (left) and Gram-negative (right) bacteria [131].

The Gram-positive cell walls are characterised by a large thickness, ranging from
∼20 to 80 nm [136]. For more than 50% weight, the cell wall is made of PG.
The main structural difference with respect to the Gram-negative cell wall is the
molecular organisation, featuring a single, thick layer of PG, located outside the
cell membrane, as shown in fig. 4.2 (a). The outer surface of the Gram-positive

2Notice that there are few bacterial species, such as Mycobacteria spp., not belonging
neatly to one to these two categories.
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cell wall is characterised by another abundant class of molecules, constituting
up to the 60% of the mass of the cell wall [137]: the teichoic acids.

(a) Teichoic acid (b) Lipopolysaccharide

Figure 4.3: Schematic representation of the molecular structure of a teichoic
acid [137] (fig. (a)) and a Lipopolysacchride (fig. (b)) [138]. In panel (a) the
positions of Wall teichoic acids (WTA) and Lipoteichoic acids (LTA) in the cell
wall is put in evidence.

In fig. 4.3 (a) the schematic structure of teichoic acids is shown. Such polymeric
chains show phosphate groups, located in the part of the molecule identifiable
as the backbone. In aqueous solution, these groups give rise to anionic species.
Instead, the amino groups of the D-alanine esters, bonded to the backbone of
the molecule, lead to cationic species. The result is a zwitterionic molecule.
However, as pointed out in the subsection 5.3.2, due to the more kinetically
favourable dissociation of the phosphate group, the total net charge is typically
negative. The teichoic acids can be found in the PG layer, bonded to the cell
membrane via a disaccharide linkage unit, or in the outer part of the cell, an-
chored to the cell via glycolipid linkage units. In the first case, the corresponding
molecules are called Wall Teichoic Acids (WTA) while in the second case are
called Lipoteichoic Acids (LTA). Teichoic acids contribute significantly to the
cellular functions: the net charge induced by the molecular dissociation results
in an increase in the cellular rigidity; the zwitterionic character of LTA promotes
the adhesion to host cells and the resistance to cationic antimicrobial species;
there are correlations between the presence of teichoic acids and the PG archi-
tecture, therefore teichoic acids influence the conformation and the structure of
the PG layer in the cell.
The most important feature distinguishing Gram-negative from the Gram-positive
cells is the presence of a relatively thin cell wall with thicknesses of ∼ 10 nm.
The PG layer is placed between the cell membrane, in contact with the cyto-
plasm, and an outer membrane, a lipid bilayer, similar in composition to the
cell membrane, which contains the rest of the cell, as shown in fig. 4.2.2 (b).
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The PG is immersed in a gel-like matrix called periplasm3. Similarly to the
Gram-positive cells, the most part of Gram-negative bacterial species is charac-
terised by the presence of a polymer brush, made of a class of molecules called
Lipopolysaccharides (LPS), anchored to the outer membrane. In fig. 4.3 (b) a
schematic view of the LPS molecular structure is shown. The molecule can be
divided into three regions: the lipid A, a phospholipidic group anchoring the
molecule to the outer membrane; the O-antigen, an hydrophilic portion, that
contributes to the mechanical stability of the whole cell and to the virulence
of some pathogenic bacterial species; the core, a polysaccharide portions with
the same chemical composition in the most part of the bacterial species. Due
to the presence of phosphate, hydroxyl and carboxyl groups, LPS dissociate in
water giving rise to a net negative charge. This charge is partially neutralised
by cationic species, such as Ca2+ or Mg2+. This effect prevents mechanical
instabilities and increases of the cell wall permeability, due to the charge re-
pulsion and the consequent physical separation between molecules. In addition,
similarly to the WTA and LTA in Gram-positive cells, LPS give a contribution
in increasing the thickness of the cell wall and in protecting the cell against
cytotoxic substances.

4.2.3 The architecture of the PG

The molecular arrangement of the glycan strands and of the peptide cross-
links in the PG is considered to have a crucial role in determining phenomena,
such as the enlargement of the cellular sacculus and the cell division [139].
Nowadays the knowledge about the architecture of the PG is still an object of
debate. The reason of this has to be searched in several experimental limits: the
lack of order in the molecular structure of the PG, increased by its flexibility,
precludes the crystallisation. This feature makes experimental investigations
based on the X-ray scattering difficult. Furthermore, the artefacts related to
the staining and fixation, normally employed to observe the bacterial cells, are
of the same dimensions of the glycan strands and of the peptide cross-links.
This makes impossible to resolve the peptidoglycan structure with conventional
electron microscopy [140]. For all these drawbacks, for many years the models
on the architecture of the peptidoglycan were built on the basis of chemical and
biophysical data, such as the distribution of the lengths of the glycan strands
and the level of cross-linking. This research led to two main models:

� Layered model: the glycan strands are parallel to the cell membrane (see
fig. 4.4 (a));

� Scaffold model: the glycan strands are perpendicular to the cell membrane
(see fig. 4.4 (b)).

For example, the Gram-negative E. coli is found to have glycan strands with a
mean length of 25-35 DS4 [140]. The PG layer in E.coli is about an order of
magnitude smaller than this mean length, therefore the scaffold model appears
not to be compatible with experimental data. Instead, for the Gram-positive S.
aureus, the high levels of cross-linking (> 70 %) combined with the relatively

3Despite the periplasm is found also in Gram positive, it is more abundant in Gram negative
cells, constituting up to 40 % of the cell volume.

4For the definition of disaccharide unit (DS), refer to the subsection 4.2.1.
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Figure 4.4: Schematic representation of the two main models on the PG archi-
tecture: the layered model (fig. (a)) and the scaffold model (fig. (b)) [141].

short glycan strands, suggest an architecture with long peptide chains with a
large number of glycan bridges. In this case, both two models can be compatible
with the experimental observations.
Recent innovative techniques, like the electron cryotomography [142] and the
Atomic Force Microscopy (AFM) [143], added a significative contribution in un-
derstanding the architecture of PG in certain bacterial strains. For example,
AFM imaging on B. subtilis [143] revealed a structure made of “cables” running
perpendicularly to the cell wall, whose sections are too much large for being
ascribed to single glycan strands. Furthermore, experimental investigations re-
vealed long glycan strands (mean values > 500 DS). The combination of such
results suggests a model of PG made of groups of glycan strands coiled together
to form a ∼ 25 nm-wide “rope”. This structure, in turn, is coiled into a ∼ 50
nm-wide cable. The entire structure is anchored to the cell wall.
Despite the advent of new experimental techniques led to interesting and un-
expected results, there are several open issues. First of all, the experimental
studies on the PG architecture are limited only to few bacterial species. To
remark this aspect, recent discoveries have revealed bacterial species with a PG
molecular structure completely different from the conventional one [144, 145].
As mentioned above, today the research on the PG architecture is not based
on direct observations, but rather on deductions from chemical and biophysical
data. The perspective for future developments is to introduce new innovative
techniques allowing a direct observation of the mutual orientations of the glycan
strands with respect to the peptide cross-links and the relative orientation with
respect to the normal direction of the cell wall.

4.3 Experimental investigations on the bacterial
stiffness

Several techniques have been introduced in order to obtain information about
the mechanical properties of the bacterial cell wall. The intrinsic difficulties of
such measurements reside in the intrinsic nature of the bacterial cells; in fact,
the assessment of mechanical properties of single cells, whose sizes are up to few
µm, requires the use of sensitive and complex measurements. Furthermore, the
intrinsic random nature of the bacterial samples reflects in mechanical proper-
ties that significantly fluctuate even within the same cell [146]. Such feature
obliges to treat the experimental data with robust statistics in order to obtain
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average parameters representative of the mechanical behaviour.

Up to now, several approaches have been introduced in order to assess the me-
chanical behaviour of bacterial cells, including the induction of osmotic stresses
[147], the measurement of bacterial deformations under the application of an
external load via a microfluidic device [148, 149, 150], the study of the bacterial
growth in hydrogels with fixed mechanical properties [151], the use of optical
tweezers [152], etc. At present, the most widespread technique to asses the
mechanical bacterial properties at the single-cell level makes use of the Atomic
Force Microscopy (AFM), in an approach defined as Single-Cell Force Spec-
troscopy (SCFS) [153]. This approach offers a deeply versatile instrument, since
it allows to measure forces in a relatively wide range, i. e. from ∼5 pN to about
100 nN [154]. In addition, the method allows the capability to measure the
properties of alive cells. Furthermore, the nanometer character of the AFM
probes employed in SCFS enables characterisation at the nanometer scale, pro-
viding maps of the local cell stiffness [146, 155].

(a) Experimental setup (b) Typical force-indentation curve

Figure 4.5: panel (a): schematic figure illustrating the working principle of the
Single-cell Force Spectroscopy (SCFS) to measure the mechanical properties of
the bacterial cell wall [156]; panel (b): typical force-indentation curve resulting
from the approach of the AFM probe towards a single cell of S. aureus [157].

The fig. 4.5 illustrates a schematic view of the SCFS employed for the measure-
ment of the bacterial stiffness. The bacterial cell is adequately immobilised on
the sample-holder. The immobilisation is typically achieved in two ways:

� By modifying the substrate chemistry in order to exploit the electrostatic
interactions with the cell wall [158] or by inducing the formation of covalent
bondings [159];

� By physically anchoring the cell on the substrate, typically with a pore of
a MilliporeTM filter, whose size can be tuned with an etching procedure
[160].

With the help of the AFM cantilever, a fixed load force is applied to the cell
and the corresponding indentation depth, i. e. the absolute value of difference
between the height of the probe at load zero and the height at the mechanical
equilibrium, is recorded. The result of this procedure is called force-indentation
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curve, represented in the example in fig. 4.5 (b). The mechanical behaviour of
the cell is typically quantified in terms of the Young’s modulus, defined as

E =
σ

ε
, (4.1)

where σ is the stress, i. e. the force per unit area applied by the AFM probe,
and ε is the strain, i. e. the fractional variation in height. An estimation of E
is typically obtained by treating the force-indentation curves in terms of the
Hertzian contact theory. In this sense, the tip is modelled as an infinitely stiff
indenter and the sample as a semi-infinite flat surface. The theory predicts the
following relations between the module of the load force F and the indentation
δ:

� For a conical tip with an aperture angle α:

F (δ) =
2 tanαE′

π
δ2 ; (4.2)

� For a paraboloidal tip with radius of curvature R:

F (δ) =
4
√
RE′

3
δ3/2 . (4.3)

The quantity E′ is called reduced Young’s modulus. By assuming the AFM tip
much stiffer than the cell, E′ can be approximated as

E′ =
Ecell

1− ν2
, (4.4)

where Ecell is the cell’s Young modulus and ν is the Poisson ratio. For the
bacterial cells, ν is typically set to 0.5. The force-indentation curve is than fitted
according to the appropriate relation F (δ) to determine the value of Ecell. The
values of Ecell are normally in the range between some MPa to tens of MPa.
To take into account the problem of the disperse character of bacterial samples,
the procedure of fitting cited above is typically repeated for tens of bacterial
cells. An averaged Young modulus is than calculated.



Chapter 5

Cell-substrate
physico-chemical
interactions

5.1 The phases of the surface bacterial biofoul-
ing

Bacterial adhesion is an extremely complex phenomenon, involving a wealth of
physico-chemical mechanisms [161, 162], for which some aspects of the working
principle have not been fully understood, yet. In air, bacterial contamination
can occur via aerosol [163]. However, in this work, we will concentrate our
attention onto bacterial colonisation in liquid environment.
For a bacterium in the planktonic state, i. e. completely surrounded by a liquid,
the environment accessible to it can be divided in three regions [164]:

� The bulk liquid, where the surface effects on the cell are negligible;

� When a cell approaches a substrate, it enters a layer of liquid in which
the cell-substrate interactions are still negligible, but the cell experiences
the hydrodynamic effects related to the presence of the substrate. In the
following, this region of space will be referred to as the near-surface bulk
liquid;

� Very close to the substrate, at distances of hundreds of nm, or smaller,
the cell interacts with the substrate via non-covalent forces. This region
of space will be referred to as the near-surface constraint.

During the first step of the bacterial adhesion, the cell, initially in the bulk
liquid, enters the region in which the interactions with the substrate are active.
This phenomenon can be enhanced by gravity and Brownian motion. However,
in self-propellent bacteria, the presence of flagella can be of obvious importance
in keeping the cell close to the substrate [165]. Another decisive factor affecting
this initial phase is represented by the presence of a shear flux. In particular,
it is expected that, by increasing the shear rate in the bulk liquid, the bacte-
rial cells will acquire a larger kinetic energy and will be brought away from the

77
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near-surface constraint. In this situation, even if the cell is in the near-surface
constraint, the non-covalent interactions occurring in the surface region won’t
be large enough to grant a strong adhesion to the substrate [166]. Furthermore,
the thickness of the near-surface bulk liquid, where the cell is expected to be
more protected by the fluido-dynamic turbulences, is expected to decrease for
increasing velocities in the bulk liquid. Once reached the substrate, the cell is
subjected to non-covalent interactions, related to the molecular composition and
to the topography of the envelope surrounding the cell wall. Since a bacterial cell
is essentially a colloidal particle, the interactions with a flat surface are often
described using the Extended Derjaguin-Landau-Verwey-Overbeek (EDLVO)
theory [167], describing the interactions between a point-like colloidal parti-
cle and an infinite flat substrate as a combination of Lifshitz-van der Waals,
electrostatic-double layer, and acid-base interactions. These interactions will be
discussed singularly in the following sections. The EDLVO theory predicts a
dependence on distance of the Gibbs free energy of interaction characterised by
a secondary minimum, corresponding to a reversible adhesion, i. e. a condition
in which the total energy has values of ∼ kBT [168] (see fig. 5.1). An energy
barrier separates this secondary minimum from a primary energy minimum, lo-
cated at lower cell-substrate distances and corresponding to stronger bonding
energies. This last minimum is associated to an irreversible adhesion, i. e. to
the condition in which the hydrodynamic forces aren’t able to detach the cell
from the substrate.

Figure 5.1: Schematic profile of the cell-substrate Gibbs free energy of interac-
tion vs the cell-substrate distance as predicted by the extended DLVO theory
of colloidal particles [161].

If the physico-chemical conditions are favorable for the bacterial attachment,
e. g. when the stay time in proximity of the substrate increases, the cell adopts
a series of mechanisms to overcome the energy barrier described by the EDLVO
theory in order to reach the condition of irreversible adhesion. Such mechanisms
include:

� the use of the surface appendages, whose small sectional diameter allows
to “pierce through” the energy barrier [169];

� the water molecules adsorbed in the cell-substrate contact area are pro-
gressively removed. This leads to the reduction of the repulsive steric
hindrances and the promotion of attractive acid-base interactions [170];
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� the increase in the number the receptor-ligand bondings [171];

� the unfolding and the consequent collapse of the extracellular molecular
strctures, i. e. pilii, fimbriae etc., with the consequent increase of the cell-
substrate contact area [172];

� the production of polymeric substances, i. e. proteins, polysaccharides,
nucleic acids and/or lipids, involved in the formation of the final biofilm.
Such compounds are called Extracellular Polymeric Substances (EPS) [173].

In parallel with such processes, the cell starts replicating to give rise to a bac-
terial biofilm [173]. With favourable conditions for the bacterial attachment, a
bacterial cell reaches the secondary minimum in a time scale of some minutes.
Instead, the following steps develop in a time scale of several hours [164]. How-
ever, the separation between the various steps of this process is not sharp [161],
i. e. the cell passes gradually from the reversible to the irreversible adhesion.
Clearly, the entire process of biofouling depends on the success of the first steps,
in which the cell occupies the secondary energy minimum. Therefore, a com-
plete knowledge of the dynamics of this initial phase is crucial for the design of
smart interfaces aimed at tuning the bacterial attachment according to specific
needs. Therefore, within this work, attention will be put into studying these
initial steps of surface bacterial colonisation.
In the following sections of this chapter, experimental procedures commonly
used to study single cell-substrate interactions in this specific step will be pre-
sented. In addition, the relative role of the main contributions of such will be
briefly discussed.

5.2 Experimental investigations on the single cell-
surface interactions

Several approaches have been adopted to obtain experimental data about the
adhesion of cells onto substrates. Among the bulk assays [174, 175, 176], the
most common procedure consists in rinsing with a buffer a surface formerly
kept in a cell culture in fixed fluido-dynamic conditions to induce the cellular
detachment, and in evaluating the corresponding reduction of cells attached
to the substrate. This technique presents several limitations, related to the
intrinsic macroscopic nature of the employed samples, whose topographical and
chemical homogeneity determine inhomogeneities in the shear forces applied by
the flowing fluid. To overcome such difficulties, single-cell experiments have been
introduced. Despite the need of multiple and time-consuming measurements on
several cells, with a consequent robust statistical treatment of the resulting data,
these approaches allow a more quantitative analysis of the mechanical properties
of single bacterial cells.
Among these techniques the use of micropipettes [179], optical tweezers [180],
magnetic tweezers [181] are worth to be mentioned. In particular, the use of
Atomic Force Microscopes (AFM) in the Single Cell Force Spectroscopy (SCFS),
already mentioned in the section 4.3, turned out to be the most powerful and
versatile technique. The SCFS setups for the measurements of the interaction
between a cell and a surface are based on two ideas: in the first approach, the
cell is immobilised on a support and the interactions between the upper cell
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(a)

(b)

Figure 5.2: Panel (a)-left: schematic view showing the measurement procedure
for a SCFS setup that measures the interactions between an AFM tip and the
cell surface [177]; panel (a)-right: SEM image of a functionalised tip [177]; panel
(b)-left: scheme showing the measurement procedure for a “cellular probe”,
made of a bacterial cell immobilised on a tipless cantilever (in this example the
cell is immobilised on a colloidal bead) [178]; panel (b)-right: optical image of
a single lactobacillus plantarum cell immobilised on the tipless cantilever [178].

surface and an AFM tip are probed (see the scheme in fig. 5.2 (a)); in the
second approach, the cell is immobilised on a tipless cantilever, functionalised
in order to ensure an appropriate adhesion, and the such built “cellular probe”
is used to measure the adhesion forces with a flat surface (see the scheme in
fig. 5.2 (b)).
The typical result of a SCFS measurement is shown in fig. 5.3. The graph
reports a force-distance curve, i. e. a curve reporting the force acting on the
AFM cantilever vs the vertical distance between the probe and the substrate.
When the probe approaches the substrate, the force diverges as soon as the
cell-cantilever system enters into contact with the substrate. This behaviour
is represented in fig. 5.3 (b) by the blue curve. As it will be discussed in the
section 5.3.4, besides the stiffness of the whole cells, the approaching curve could
bring information about the steric contributions, due to the molecular envelope
surrounding the cell. When the cantilever is retracted from the substrate, the
force follows the behaviour indicated by the red curve in fig. 5.3 (b). The cell-
substrate interactions are typically quantified in terms of an adhesion force,
indicated in fig 5.3 (b) as Fadh, corresponding to the primary minimum in the
force-distance curve, and a work of adhesion, indicated as Wadh, represented by
the shaded area between the force-distance curve and the horizontal axis [182].
In addition, the behaviour of the force-distance curve is characterised by the
presence of other secondary features, indicated in fig. 5.3 (b) as “jumps” and
“tethers”, that give to the force-distance curve a jagged shape. These secondary
peaks can be interpreted as the sign of specific events, such as the breaking of
receptor-ligand bonds or the unfolding of surface proteins.
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Figure 5.3: Panel(a): schematic representation of the steps in a SCFS measure-
ment; panel (b): typical force-distance curves resulting from a SCFS measure-
ment of the interactions between a cell and a substrate. The approach curve is
reported in blue, while the retraction curve is reported in red [183].

5.3 Cell-substrate interactions in the “reversible”
bacterial adhesion

5.3.1 Lifshitz-van der Waals interactions

The discovery of such interactions dates back to 1873 and it is due to van der
Waals, who postulated the existence of interactions between neutral atoms or
molecules. Later, several effects were found to be responsible for this class of
interactions [34]:

� Interactions between randomly oriented permanent dipoles, described by
Keesom;

� Interactions between randomly oriented induced dipoles, described by
London. Such interactions are referred to as dispersion interactions;

� Interactions between randomly oriented permanent dipoles and induced
dipoles, described by Debye.

All such interactions can be described by potentials of the same shape:

VvdW (r) = −C
r6

, (5.1)

where r is the interparticle distance and C is a positive constant whose value has
a different expression for Keesom, London and Debye interactions. In aqueous
media with electrolytes, Keesom interactions are usually small compared to the
London interactions, due to shielding effects [184].
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Figure 5.4: Simplified geometrical representation of the problem. D represents
the cell-substrate distance. For a spherical cell, R is the radius of the sphere,
while for a cylindrical geometry, R is the base radius.

The description of the van der Waals interactions in condensed systems imposes
to describe the problem of the interaction between macroscopic bodies. By ap-
proximating the van der Waals interactions as non-retarded and additive, the
total potential energy between two macroscopic bodies can be calculated by
summing all the contributions relative to all the pairs of atoms or molecules be-
longing to different bodies [185, 186]. The resulting interaction can be expressed
in terms of the Hamaker constant, given by

A = π2Cρ1ρ2 , (5.2)

where ρ1 and ρ2 are the particle densities of the two bodies and C is the constant
entering eq. 5.1. The geometries of interest for this work are as follows:

� A spherical cell of radius R at distance D from an infinite planar substrate
(see fig. 5.3.1). In this case, by assuming D � R, the total interaction
potential energy is given by [184]:

V spherevdW (D) = −AR
6D

. (5.3)

� A cylindrical cell of base radius R at distance D from an infinite planar
substrate (see fig. 5.3.1). In this case, by assuming D � R as well, the
total interaction potential energy per unit length is given by [184]:

V cylvdW (D) = − A
√
R

12
√

2D3/2
. (5.4)

As mentioned above, the Hamaker constants described above are the result of
calculations in which the total potential energy between macroscopic bodies is
calculated by starting from pairwise potentials. However, a single particle in a
condensed system interacts with multiple particles nearby. Such feature gives
rise to additional contributions that make the calculation of the total potential
energy more complicated, especially when many particles are involved. The
Lifshitz theory overcomes such difficulties by treating macroscopic bodies as
continuous systems, whose physical properties are described by macroscopic
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observables such as, permittivity, refracting index, etc. [34].
With an approach based on the Lifshitz theory, Israelachvili [184] determined
an approximate expression of the Hamaker constant of a system made of a
dielectric solid d, interacting with a metallic solid m through a liquid medium l
in conditions of non-retarded interactions:

A ≈ 3

4
kT

(
εd − εm
εd + εm

)(
εl − εm
εl + εm

)
+

3h

4π

∫ ∞
ν1

(
εd(iν)− εm(iν)

εd(iν) + εm(iν)

)(
εl(iν)− εm(iν)

εl(iν) + εm(iν)

)
dν ,

(5.5)

where ν is the electromagnetic frequency, εi(iν) with i = d,m, l are the per-
mittivities of the three media, εi = εi(0) are the static permittivities, h is the
Planck constant and ν1 = (2πkT )/h = 4 · 1013 s−1 at T = 300K. According to
the work of Lipkin et al., the permittivity of the dielectric solid εd(iν) can be
expressed as [187]

ε1(iν) ≡ εd(iν) = 1 +
εd − n2

d

1 + ν
νrot,d

+
nd − 1

1 + ( ν
νe,d

)2
, (5.6)

where νe,d represents the main resonant frequency for the absorption electronic
transitions, νrot,d is the molecular rotational relaxation frequency (infrared) and
nd is the refractive index in the visible range. In most cases, νrot,d � νd � νe,d,
therefore the second term in eq. 5.6, can be neglected. For the metallic solid an
approximated expression for the permittivity εm(iν) is given by

ε3(iν) ≡ εm(iν) = 1 +

(
νe,m
ν

)2

, (5.7)

where νe,m is the plasma frequency. By substituting eqs. 5.6 and 5.7 into eq. 5.5,
and integrating over the frequency, the result can be further approximated as

A ≈ 3

8
√

2

(
n2
d − n2

m

n2
d + n2

m

)
h
√
νdνlνl√

νlνm + νl√
n2
d−n2

m

. (5.8)

By identifying the dielectric material as the bacterial cell, the metal as stain-
less steel, and the surrounding medium as water, a reasonable choice for the
parameters in eq. 5.8 is reported in the Table 5.1.

Parameter Value Reference
nd 1.388 [188]
nm 2.757 [189]
nl 1.333 [190]
νe,d 1015s−1 [191]
νe,m 3·1015s−1 [184]
νe,l 3·1015s−1 [184]

Table 5.1: Typical refractive indexes and characteristic frequencies for a system
made of a dielectric solid d, representing the bacterial cell, a metallic solid m,
representing a stainless steel substrate, and a surrounding liquid l, assumed as
water.
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With such values of the parameters, the corresponding value of the Hamaker
constant given by the eq. 5.8 is A ∼ 9.6 · 10−20J. With this value of A, the
potential energy of a coccoid-like cell of radius R = 0.5 µm at distance D0 ∼
10−2 µm from a perfectly flat and infinite substrate (see fig. 5.3.1) is given by

the eq. 5.3, that returns V sphereV dW (D0) ∼ −1.6 · 10−18J. On the other hand, a
single E. coli has a typical cylindrical geometry with an average base radius
of R = 0.5 µm and an average length of L = 2 µm [192]. With this choice
of geometric parameters, the total potential energy calculated from the eq. 5.4
is given by V cylvdW (D0)L ∼ −8.0 · 10−18J. In both cases the absolute value of
contribution of the Lifshitz-Van der Waals interactions to the total potential
energy is negligible with respect to the contribution of the thermal energy kBT ∼
4·10−21J. Furthermore, at least at distances >50 nm, the Lifhsitz-van der Waals
energy is generally the smallest contribution. For this reason, the simulation
procedure described in this work neglects thermal fluctuations.

5.3.2 Electrostatic interactions

Only in rare cases the Lifshitz-van der Waals contribution is sufficient to com-
pletely describe the interactions involving colloidal particles. In fact, as men-
tioned above, the Lifshitz-van der Waals interactions are always attractive.
Therefore, the presence of the van der Waals interactions alone should lead
to a quantitative aggregation of colloidal particles. The reason why this doesn’t
happen is the presence of repulsive interactions having various origins. One
of the most relevant contribution belonging to this category of interactions is
represented by the electrostatic forces.
Colloidal particles in aqueous environment, in particular bacterial cells, are char-
acterised by a non-zero surface electrostatic charge. This contribution occurs
via the dissociation of the carboxyl, phosphate, and amino groups composing
the phospholipid membrane, the peptidoglycan layer, and the outer cell enve-
lope. In Table 5.2 a series of typical dissociation reactions involving the bacterial
cell wall with the respective dissociation constants pKa are reported [193]. At
normal values of pH, i. e. between 5 and 7, the number of dissociated carboxyl
and phosphate groups usually exceeds the number of dissociated amino groups.
This explains why, with few exceptions [194, 195], the most part of bacterial
cells are negatively charged [193]. Furthermore, in bacterial systems in solu-
tion, another contribution is provided by the capture of positive ions (Ca2+,
Mg2+, Na+ etc.) by the zwitterionic head groups composing the polymeric
envelope [196, 197, 198].

Reaction molecule pKa

-COOH 
 -COO−+H+ polysaccharides 2.8
-COOH 
 -COO−+H+ proteins, peptidoglycan 4.0-5.0

-NH+
3 
 -NH2+H+ proteins, peptidoglycan 9.0 - 9.8

-HPO4 
 -PO−4 +H+ teichoic acids 2.1

-H2PO4 
 -HPO−4 +H+ phospholipids 2.1

-HPO−4 
 -PO2−
4 +H+ phospholipids 7.2

Table 5.2: Summary of the common chemical equilibria involving the functional
groups on a the bacterial cellular surface [193].
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As mentioned in the previous chapter, the bacterial cell wall presents a multi-
layer structure, tens of nanometers thick, characterised by strong chemical and
physical discontinuities across its thickness. Therefore, in the theoretical de-
scription of the electrostatic fields generated by such a structure, the hypothesis
of a perfectly two-dimensional charge distribution needs to be overcome. Typi-
cally, the environment close to the cell surface is described in terms of a layer of
transiently adsorbed ions that is called Stern layer. This region is surrounded
by clouds of ions moving thanks to the thermal motion, as shown in fig. 5.3.2,
referred to as diffuse electric double layer [184]. For this reason, in the follow-
ing the cell surface will be assumed as a rigid material surrounded by a soft
and charged layer, representing the Stern layer, whose thickness is reasonably
of the same order of magnitude of the thickness of the peptidoglycan layer [199].
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Figure 5.5: Simplified geometrical representation of charge distribution on the
surface of a bacterial cell in an electrolyte solution.

For simplicity, let us consider two charged flat surfaces 1 and 2 immersed in
a liquid medium with a non-zero permittivity, at distance h from each other.
The liquid medium will be an electrolyte solution with M ionic species whose
physico-chemical properties are expressed in terms of the valences1 {zi} and the
bulk concentrations {n∞i }, i = 1, ...,M . For our purposes, the situation of two
similar surfaces will be considered, i. e. with the same thickness d of the Stern
layer, the same densities of fixed charged groups N , and the same valence Z,
so that the density of fixed charges on the surfaces will be ρfix = eNZ, with e
the electron charge. The schematic representation of such system is shown in
fig. 5.3.2. According to the classical description, the electrostatic potential is
described by the Poisson-equation

1A single ion will hold a charge proportional to the electron charge e; the term valence
denotes the constant of proportionality.
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h

d

0 x

d

Figure 5.6: Simplified geometrical representation of two interacting plane in-
finite surfaces placed at distance h from each other, with a thickness d of the
Stern layers.

d2ψ(x)

dx2
= −ρtot(x)

ε0εr
, (5.9)

where ρtot(x) = ρfix + ρel(x) is given by the sum of the charge density of fixed
groups and the contribution related to the motility of partially adsorbed charged
molecules in solution. In thermodynamic equilibrium, ρel(x) can be determined
by the Boltzmann distribution:

ρel(x) =

M∑
i=1

ezin
∞
i exp

(
−ziψ(x)

kT

)
, (5.10)

where k is the Boltzmann constant and T is the absolute temperature. There-
fore, the ρtot(x) function is given by

ρtot(x) =


ρfix + ρel(x), if −d < x < 0.

ρel(x), if 0 < x < h

ρfix + ρel(x). if h < x < h+ d .

(5.11)

By assuming low values of ψ, i. e. |zieψ/kT | < 1, ∀i, eq. 5.9 can be linearised
and solved analytically. From the resulting profile of ψ it is possible to derive
the corresponding interaction potential Vpl(h) [200]:

Vpl(h) =
ρ2
fix sinh2(κd)

ε0εrκ3

{
coth

[
κ

(
h

2
+ d

)]
− 1

}
. (5.12)

In particular, the expression 5.12 depends on the characteristic quantity

κ−1 =

√
εkT

e2
∑M
i=1 n

∞
i z

2
i

, (5.13)
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called Debye length, representing a length-scale for the thickness of the diffuse
electric double layer.
The electrostatic interactions between bodies of finite dimension can be deter-
mined by applying the Derjauguin approximation [201], expressing the interac-
tion potential between two complex bodies in terms of the potential Vpl.

H dd
a1

a2

Figure 5.7: Simplified geometrical representation of two finite and curved col-
loidal particles. For spherical geometries a1 and a2 are the spherical radii, while
for parallel cylindrical geometries, a1 and a2 are the basis radii.

For two spherical bodies of radii a1 and a2, separated by a distance H between
their surfaces, as in fig. 5.7, by assuming κa1 � 1, κa2 � 1, H � a1 and
H � a2, the corresponding expression of the potential Vsp can be approximated
as

Vsp(H) ≈ 2π
a1a2

a1 + a2

∫ ∞
H

Vpl(h)dh . (5.14)

The expression of the potential energy between a single spherical cell and an
infinite plane surface can be obtained in the eq. 5.14 for a1/a2 →∞:

Vsp(H) =
4πaρ2

fix

ε0εrκ4
log

(
1

1− e−κ(2d+H)

)
sinh2(κd) , (5.15)

where a ≡ a2 was renamed. In the case of two parallel cylindrical bodies with
base radii a1 and a2, with the same assumptions made for the spherical geome-
tries, the electrostatic potential of interaction between the two bodies can be
approximated as

Vcyl,‖(H) ≈
√

2a1a2

a1 + a2

∫ ∞
H

Vpl(h)
dh√
h−H

. (5.16)

With the same assumptions of the spherical case, the expression of the electro-
static potential of interaction between a cylindrical cell and an infinite plane
surface per unit length is given by [202]

Vcyl,‖(H) =
2
√

2π

ε0εrκ7/2

√
a1a2

a1 + a2
ρ2
fixLi1/2(e−κ(2d+H)) sinh2(κd) , (5.17)

where Lin(z) =
∑∞
k=1

zk

kn is the poly-logarithm function.
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Parameter Spherical geometry Cylindrical geometry
d 3·10−9m 3·10−9m
a 5·10−7m 5·10−7m
ρfix -2.2·106 C/m3 (S. aureus,

pH=5, [203])
-7.2·106 C/m3 (E. coli,

pH=3, [203])
κ−1 3·10−9m ([204]) 3·10−9m ([204])
H 10−8m 10−8m

Bacterial
length

- 3·10−6m

Table 5.3: Table showing the parameters employed in the estimation of the
electrostatic contribution to the energy of interaction between a bacterial cell
and a planar surface.

With the choice of parameters given in Table 5.3, the corresponding electrostatic
energies of Vsp = 2.37 · 10−20J and Vcyl,‖ = 7.83 · 10−18J are obtained, reflecting
the dominant contribution of the electrostatic repulsion over the van der Waals
attractive interactions. In particular, it is evident that the cylindrical geometry,
characterised by a larger contact area, shows a larger electrostatic contribution
to the interaction energy.

5.3.3 Acid-Base (AB) interactions

This category of interactions relates to the theory of Lewis due to the presence
of chemical compounds whose electronic configuration involves the presence of
an empty electronic orbital. Such compounds are referred to as Lewis acids.
On the other hand, other chemical compounds, named Lewis bases, have an
electronic configuration with a solitary electronic couple. A Lewis acid can ac-
cept a couple of electrons from a Lewis base, with the consequent formation
of a bond. One of the most famous examples in this sense is represented by
the hydrogen bond, occurring between an hydrogen atom covalently bond to an
electronegative atom, and an electronegative atom.
It is known that the acid-base interactions can play a key role in determining
several phenomena, including solubility [205], wettability [206, 207], adhesion
[208, 209], etc. Also in biology, the acid-base interactions are known to be in-
volved in a wealth of different phenomena, like the conformational stability of
the DNA and of folded proteins. In particular, acid-base interactions are the
major responsible for the surface hydrophobicity in bacterial cells [210]. This
feature is so relevant that, for several bacterial strains, cells are induced by the
environmental conditions to increase their surface hydrophobicity by producing
extracellular vesicles, in order to increase their ability to form biofilms [211].
As mentioned in the subsection 5.3.2, the bacterial cell wall features amino-
and phosphate functional groups, whose function can be either of Lewis acid or
Lewis base. Furthermore, the adsorption of the polysaccharide chains mediated
by hydrogen bondings, characterising the outermost structure of the polymeric
envelope surrounding the bacterial cell, is considered to be one of the phenom-
ena responsible for the increase in the bonding energies during the process of
bacterial adhesion [212, 213].
Abu-Lail et al. [214, 215] developed an experimental technique to determine



5.3. CELL-SUBSTRATE INTERACTIONS IN THE “REVERSIBLE” BACTERIAL ADHESION89

the acid-base contribution to the total energy of interaction between a single
bacterial cell of E. coli and the surface of a Silicon Nitride AFM tip. This pro-
cedure is inspired by the work of Williams et al. [216], who described the total
force of interaction between an AFM tip and a substrate as a discrete sum of
the contributions of single bonds, whose adhesion forces are supposed similar to
each other, and whose probability of formation is supposed small. According to
this approach, the number of bonds between the AFM tip and the substrate is
supposed to be a random variable, described by a Poisson distribution of mean
value m. With these assumptions, the random variable representing the total
bonding force can be described by a Poisson distribution with a mean value

µ = mF (5.18)

and a variance

σ2 = mF 2 , (5.19)

where F is the adhesion force of a single bond. The total bonding force will be
given by

F =
σ2

µ
. (5.20)

Thus, the model predicts a relation of proportionality between σ2 and µ. The
experimental procedure consists in performing a series of experiments of SCFS
in the configuration sketched in fig. 5.2 (a) and in determining a series of val-
ues of the total adhesion force. Each series of measurements will result in a
couple {σ2

i , µi}. The value of F will be estimated by the slope of the depen-
dence between σ2 and µ. The method includes the possibility to deconvolve the
contribution of the hydrogen bondings from the contribution of the non-specific
interactions that, with the assumption of negligible presence of covalent inter-
actions, can be attributed mainly to the van der Waals and to the electrostatic
interactions. In this case, eqs. 5.18 and 5.19 are modified as

µ = mF + F0 (5.21)

σ2 = µF − FF0 , (5.22)

where F0 accounts of the non-specific interactions. This result predicts the
presence of a non-zero intercept in the graph of σ2 vs µ, whose value is −FF0.
The method leads to m ∼ 10 and a corresponding single-bond force of F ∼ 0.1
nN [214, 215], depending on the ionic strength and the pH of the environment.
Interestingly, this force is found to be of the same order of magnitude of the non-
specific interaction. Since for ranges > 50nm the van der Waals contributions
to the overall interactions are considered negligible, the similar strength of the
acid-base and the non-specific contribution possibly indicate that the acid-base
and the electrostatic interactions play the dominant role in the first (reversible)
phase of the bacterial adhesion. Eskhan et al. [217] adopted a Poisson analysis
similar to the one mentioned above to determine the bonding energies of the
hydrogen and non-specific bondings. For both contributions, they found values
of tens of aJ, corresponding to energies of ∼ 1 kcal/mol. Such values are in line
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Figure 5.8: Example, derived from the reference [219], showing an AFM force-
distance curve during the approach, obtained with an AFM setup and referring
to the behaviour of the bacterium Pseudomonas putida KT2442 for various
concentrations of KCl in the surrounding medium.

with the commonly accepted range of bonding energies for an hydrogen bond
[218].

5.3.4 Steric interactions

When a bacterial cell approaches a surfaces, if the total contribution to the
attractive forces between the cell and the substrate dominates over the repulsive
contribution, the cell tends to push down the polymeric envelope surrounding
the cell itself, forcing the polymers to a more compact spatial arrangement.
This phenomenon becomes non-negligible when the distance between the cell
and the substrate reaches values compatible with the average length of the
polymeric chains involved in the interaction, ranging between some nm and tens
of nm. Such steric interactions are strongly repulsive and are clearly visible in
the AFM force-distance curves as a jump in the force on the cantilever as the
tip approaches the cell. This feature is clearly visible in the example shown
in fig. 5.8. The behaviour is clearly dependent on the ionic concentration of
the surrounding environment, since high salt concentration tends to mask the
electrostatic contribution.
The steric contribution to the overall interactions is typically measured by
adopting a model developed by Butt et al. [220] taking inspiration by the work
of Alexander [221] and de Gennes [222]. The basic result deriving from this
model is the approximated expression for the steric force Fst occurring between
a flat surface, representing the polymeric “brush” surrounding the bacterial cell,
and a rotation paraboloid, representing an AFM tip. The result is given by

Fst = 50kBTΓ3/2e2πD/L0 , (5.23)

where kB is the Boltzmann constant, T is the absolute temperature, Γ is the
density of the polymeric brush, D the tip-cell distance and L0 is the thickness of
the polymeric brush at the equilibrium. By assuming that in the AFM experi-
ments the steric forces will constitute the dominant contribution, an exponential
fit of the force-distance curve allows estimating the Γ and L0 parameters. In
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particular, the typical values of Γ are of the order of 1016 m−2, while the values
of L0 range between some nm and tens of nm, with values similar to the average
lengths of the polymeric molecules surrounding the cell.
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Chapter 6

Choice of the simulation
parameters

6.1 Introduction

One of the most important operations in the construction of a simulation is rep-
resented by the choice of the simulation parameters. In particular, the need is
to choose the simulation parameters so that they are coherent with the physics
of the problem. The most relevant difficulties behind such process are provided
by the fact that such simulation parameters often have no direct physical mean-
ing due to their computational nature. Therefore, it’s necessary to put these
parameters in relation with physical macroscopical observables, whose values
are known by experiments. This objective can be achieved in two ways:

� The use of models [223, 224]: the macroscopical physical quantities are ex-
pressed in terms of the computational parameters by means of theoretical
formulations based on various levels of approximation;

� Calibration [116, 225, 226]: the optimised combination of simulation pa-
rameters is the one for which a simulated experiment reproduces the ex-
perimental results.

In this work, an hybrid approach was adopted. In particular, the following
sections will discuss:

� The calibration of the parameters related to the translational motion of
the cellular mesh;

� The calibration of the stiffness parameters of the cell wall;

� The theoretical calculation of the parameters ruling the cell-substrate in-
teraction.

6.2 Choice of simulation units

The preliminary step for the choice of the optimised computational parameters
is represented by the definition of computational units in order to express the

93
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physical observables occurring in the simulation according to numerical scales
compatible with the computational requirements. The basic idea is to set three
fundamental units, e. g. length, mass, and time, from which to derive all the
other units of interest. Let O a generic physical observable expressed in physical
units. Let Oi a value of such observable. By calling Õi the corresponding value
in computational units (CU), it will be given by

Õi =
Oi
Ou

, (6.1)

where Ou is the value in physical units of the unit of O.
As specified in the following section, two cellular geometries were chosen: a
spherical cell with a diameter of 1 µm and a spherocylindrical cell with a base
diameter of 1 µm. In this simulation, values of length correspond to 4 CU1.
Therefore, the unit of length was automatically set to lu = 2.5 · 10−7 m.
The unit of mass was set to the mass of a single mesh node. By approximating
the density of a bacterial cell with the density of pure water 2, the total mass
of a spherical cell with a diameter of 1 µm is given by 5.2 · 10−16 kg. Further-
more, for the purposes of the simulation, the density of mesh nodes is set to
(12.8±0.2) CU, that corresponds to ∼ 642 nodes for a spherical cell with a diam-
eter of 4 CU. Therefore, the mass of a single node is given by mu = 8.2 · 10−19

kg. The mentioned value of density of nodes has been chosen with a precise
purpose: it is large enough to adequately resolve the deformations. On the
other hand, for the goals of the simulation, this value hasn’t to be arbitrarily
large. In fact, as pointed out in the section 6.5, the parameters controlling cel-
lular stiffness have been determined by calibrating the model with experiments
where the indentation depth of single bacterial cell subjected to an external
load with an AFM probe is measured. The typical transverse size of an AFM
probe is on the order of tens of nanometers. With this resolution, the area of
a single mesh face is similar to the area corresponding to the AFM probe. In
these conditions, an approximation of point-like AFM probe can be adopted.
Despite this approximation turns out to be rough, since it is known that the
shape of an AFM probe has a role in determining the non-linear mechanical
properties of the investigated sample, the introduction of an AFM probe of fi-
nite size imposes using other simulation parameters, i. e. the speed with which
the AFM probe is approached to the cell, parameters describing cell-probe in-
teractions, etc. Furthermore, this level of detail imposes the problem of defining
the cell-probe contact area and the value of the load force. Due to the inherent
limitations in the experimental techniques, this approach would require han-
dling many simulation parameters, whose values would be completely arbitrary.
Another advantage of the used mesh resolution stems from the fact that, for the
similarities cited above between the area of a single mesh face and the area of
the AFM probe, it is possible to make a direct comparison between false colour
maps, reporting the local stresses acting on the cellular mesh (see the example

1In simulations involving the LB algorithm, the typical choice for the unit of length is
represented by the lattice constant (for further details about the LB algorithm, see the section
3.3). The cell radius has been chosen 4-fold larger in order to ensure an adequate coupling
between the cell and the fluid.

2Bacterial cells are composed of water for about∼70% weight [227, 228]. Other components
of the cells, such as proteins, have a characteristic density of about 1.3 times the density of
water [229]. Therefore, the conversion from cellular volume to mass is accurate within an
error of approximately 10%.
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in fig. 6.5) and the load forces applied in SCFS experiments. By using the
ranges of such external loads, it is possible to make predictions on the viability
of a bacterial cell.
Finally, the spring constant of a whole bacterial cell reaches typical values of
k ∼ 2·10−1 N·m−1 for the Gram-positive cells [157, 230]. For this simulation, we
decided to attribute to this upper limit a value of k̃ = 100 CU, since this value is
a factor ∼ 3 smaller than the maximum value of k̃ compatible with a numerically
stable simulation. This choice corresponds to an unit of time tu = 1.4 · 10−8

s. A list of relevant observables with the corresponding computational units is
reported in Table 6.1.

Physical observable O Ou
length l 2.5 · 10−7 m
mass m 8.2 · 10−19 kg
time t 1.4 · 10−8 s

velocity v 17.7 m·s−1

force F 5.2 · 10−8 N
energy E 1.3 · 10−14 J

kinematic viscosity ν 4.5 · 10−6 m2/s

Table 6.1: Table resuming the relevant computational units in the system chosen
in this work.

In the following, for the sake of conciseness, a generic observable expressed in
CU units will be written without the “∼” hat, and a value of an observable in
computational units without the “CU” abbreviation. Therefore, all numerical
quantities and entries will be reported as they were adimensional.

6.3 Cellular model

The cell is described by a two-dimensional triangular mesh, whose nodes interact
via bonding potentials [231]. The contribution to the overall bonding interaction
can be classified in three categories, depending on the number of cell nodes
involved in the calculation:

1. Two points interactions;

2. Three points interactions;

3. Four points interactions.

6.3.1 Two points interactions

These interactions simulate the presence of a spring between two points con-
nected by a mesh boundary. According to the hyperelastic model [232, 233],
the interaction between two nodes Ψ1 and Ψ2, separated by a distance L12 (see
fig. 6.1), is given by

~FS(λ12) = ksκ(λ12)
L12 − L0

12

L0
12

û12 , (6.2)



96 CHAPTER 6. CHOICE OF THE SIMULATION PARAMETERS

Figure 6.1: Schematic representation of the vectorial quantities related to the
contribution to the bonding interactions involving a single cell face or a couple
of faces with a common boundary.

where ks defines the strength of the stretching interaction, L0
12 is the length of

the spring connecting the two nodes at rest, λ12 = L12/L
0
12, and û12 is the unit

vector defining the direction of the spring itself. Lastly, the hyperelastic model
depends on the length-dependent elastic constant

κ(λ12) =
λ

1
2
12 + λ

− 5
2

12

λ12 + λ−3
12

. (6.3)

6.3.2 Three points interactions

The first interaction of this class is related to the constraint of an incompressible
fluid enclosed by the cell. This physical condition reflects in a constant volume
enclosed by the cellular mesh. The corresponding force acting on each node of
the face Ψ (see fig. 6.1 (a)) is given by

~FV (Ψ1) = −kv
V − V0

V0
A(Ψ)n̂(Ψ) , (6.4)

where kv is the corresponding strength, V is the volume enclosed by the mesh,
V0 is the value of V at rest, A(Ψ) is the area of the face Ψ, and n̂(Ψ) is the unit
vector normal to the face Ψ, pointing out of the cellular mesh.
A common problem concerning the hyperelastic model is the instability origi-
nating from the divergence of the distance between neighbour nodes. This effect
can be reduced by implementing interactions imposing a constraint of constant
cellular area. In particular, the total contribution of constant area acting on
the node Ψ1 belonging to the face Ψ (see fig. 6.1) is given by

~Fa(Ψ1) = −
[
kal

A(Ψ)−A0(Ψ)

A0(Ψ)
+ kag

Atot −Atot0

Atot0

]
~w1 . (6.5)
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This expression includes two terms. The first one accounts for the local area
conservation and depends on the area A(Ψ) of the face ψ and its corresponding
value at rest. The second term takes into account the global area conservation
and depends on the total area of the mesh Atot and its value at rest Atot0 . The
two terms of eq. 6.5 are weighted with the strengths kal and kag, respectively.

Finally, ~Fa(Ψ1) is directed along the unit vector ~w1 from the centroid of the
face Ψ to the node Ψ1.

6.3.3 Four points interactions

Such interactions impose a constraint on the local curvature radius, depending
on the angle between two faces with a common boundary. Let us consider the
couple of faces in fig. 6.1 (b). Such a bending force acting on the node Ψᾱβ is
given by

~Fb(Ψᾱβ) = kb
θαβ − θ0

αβ

θ0
αβ

n̂(Ψ) , (6.6)

where θαβ is the angle between the two faces and θαβ is the value of this angle
at rest.

6.4 Translational parameters

The first step in the determination of the optimised simulation parameters in-
volves the determination of those parameters related to the coupling between
the cellular mesh and the fluid, i. e. the mass of a single cell node mib and the
frictional coupling parameter ξ, described in the section 3.53.
Following a procedure inspired by the work of Cimrak et al. [116], the method
consists in simulating the following experiment: a rotation ellipsoidal mesh with
characteristic axes a and b is placed in a fluid at rest with an initial velocity of
the centre of mass v0. The vector ~v0 is assumed parallel to the direction of the
axis a. The result is a slowdown motion, due to the friction with the fluid. The
classical dynamic equation of such a system is given by

M
d2x

dt2
= −6πνbKv , (6.7)

where v is the centre of mass velocity, M is the total mass, d
2x
dt2 is the acceleration,

ν is the kinematic viscosity of the fluid, b is the transverse radius (see fig. 6.2),
and K is a geometric factor taking into account the deviation from a spherical
shape, dependent on the ratio a/b [234, 235]. In particular, K = 1 for a sphere,
i. e. a/b = 1.
The eq. 6.7 predicts an exponential dependence of v on time:

vth(t) = v0e
− 6πνbK

M t , (6.8)

where vth stands for the predicted velocity. Let {vs(ti)}, i = 1, ..., Ns be a list
of values of v found in the simulation. The procedure consists in determining,

3Notice that such parameters are dependent on the density ρ and on the kinematic viscosity
ν of the LB fluid, therefore the following results are referred to the specific choice of ρ and ν
made in this work.
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Figure 6.2: Schematic view of the ellipsoidal geometry employed for the deter-
mination of the optimised translational parameters.

at fixed values of the frictional coupling parameter ξ, the value of the mass of a
single node mib that minimises the minimum-square function F accounting for
the deviation between the theoretical and the simulated velocities:

F =

(Ns∑
i=1

(vs(ti)− vth(ti))
2

) 1
2

. (6.9)

In the following list, values of the parameters related to the fluid are reported:

� Size of the simulation box4: 60× 60× 60;

� Fluid viscosity: 100;

� Fluid density: 1.0.

In the fig. 6.3, a series of curves is reported, obtained with eq. 6.8 for ellipsoidal
meshes, whose geometry is defined by the parameters a and b, for ξ fixed at
1.50 and for v0 = 0.1. The corresponding points are the results of a simulation
obtained with the values of mib that better reproduce the physical behaviour.
All the sets of points show a decreasing behaviour, with a rate depending on the
mesh geometry. In particular, by fixing a, the transition from a prolate to an
oblate shape determines a decrease in the rate of decay of v(t). This procedure
led to the values of mib reported in Table 6.2.
As we mentioned in the section 6.2, mib has been chosen as the mass unit.
Therefore, in Table 6.2 values of ξ are reported after due rescaling5 of the
optimised values of mib to 1.00. The dependence of the corresponding values of
ξ on the mesh volume is reported in fig. 6.4. The behaviour is well represented
by the following exponential function:

ξ(V ) = ξ∞ + ξ̄e−mV . (6.10)

The corresponding fit parameters are reported in the Table 6.3.

4Following the argumentation of Buš́ık et al. [226], the ratio between the size of the mesh
and that of the simulation box was kept to 1 : 30, in order to avoid boundary effects.

5It’s possible to demonstrate that the parameters ξ and mib are proportional each other
[130].
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Figure 6.3: Calibration curves showing the behaviour of the velocity of the
centre of mass for a rotation ellipsoidal mesh and different values of a and b in
a fluid at rest with initial velocity of 0.1. The geometrical parameters of the
meshes are reported in the legend.

Figure 6.4: Dependence of the optimised values of the coupling parameters ξ on
the mesh volume.

6.5 Stiffness parameters

One of the most important steps in the procedure aims at determining the op-
timised parameters related to the deformation of the cellular mesh, i. e. the
quantities defined in the subsections 6.3.1, 6.3.2, and 6.3.3. As mentioned in
the section 6.1, this specific procedure has been accomplished by calibrating
such parameters on experimental data. The typical field of application of the
object-in-fluid package [113] involves the mechanics of red blood cells. In this
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a b K Area Volume Density of
nodes

ξ Optimized
mib

ξ for
mib = 1.00

1.0 2.0 0.90 35 8 12.8±0.2 1.50 0.70 1.20
1.5 2.0 0.95 42 19 12.8±0.2 1.50 0.99 2.14
2.0 2.0 1.00 50 34 12.8±0.2 1.50 1.25 1.51
1.5 2.0 1.05 59 52 12.8±0.2 1.50 1.47 1.02
3.0 2.0 1.10 68 75 12.8±0.2 1.50 1.70 0.88
3.5 2.0 1.15 77 103 12.8±0.2 1.50 1.93 0.78
4.0 2.0 1.20 86 134 12.8±0.2 1.50 2.10 0.71

Table 6.2: Relevant parameters involving the ellipsoidal meshes employed in
the calibration of the translational parameters. The values of K derive from the
reference [116].

Parameter Value
ξ∞ (7.6± 0.5) · 10−1

ξ̄ 1.9± 0.1
m (4.5± 0.6) · 10−2

Table 6.3: Parameters obtained by fitting the dependence of the coupling pa-
rameter ξ on the mesh volume V .

sense, the typical experiment used to calibrate the deformation parameters in-
volves the stretching of a single red blood cell. In experiments, two silica beads
of radius ∼500 nm are glued to a single red blood cell. One of these is held in
place while the other is pulled away from the first sphere with the help of op-
tical tweezers. The computational parameters ks, kb, kal, kag, and kv are then
adapted so that the simulated shape of the cell under an external load matches
the experimental one [116].
Due to the scarcity of experiments involving the use of optical tweezers to assess
the mechanical properties of whole bacterial cells, for the present work the cal-
ibration procedure of the deformation parameters has been accomplished with
the use of results from experiments of Single Cell Force Spectroscopy (SCFS).
As anticipated in the section 4.3, this technique consists in measuring the in-
dentation of a single cell under an external load, applied by an AFM probe.
The mechanical information is determined by the analysis of the dependence on
the external load f applied by the AFM cantilever of the resulting indentation
depth δ.
For this simulation, it must be noted that the density of the mesh nodes em-
ployed in the present study is such that the distance between two nodes belong-
ing to the same mesh face is ∼ 40 nm. Since the AFM tips employed in the
reference experiments have an apical diameter smaller than 40 nm [236, 237,
238, 239], a reasonable approximation is to assume a perfectly point-like probe,
acting on a single node. Despite such measurements are often repeated in vari-
ous points of the same cell in order to assess the local variations of mechanical
stiffness, this specific calibration procedure was made simulating application of
the external load onto a central point of the cellular mesh. The figs. 6.5 (a)
and (b) give a representation of the geometry. The figures report a colour map
whose palette indicates the modulus of the total elastic force acting on a single
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Figure 6.5: Top view of a cylindrical (a) and a spherical (b) cellular mesh
undergoing a load applied by a point-like AFM probe, acting on the the surface
of the cell in the central point of the plane xy. The coloured palette indicates the
total elastic force acting on each node of the cell. The length of the cylindrical
mesh in shown in panel (a) is 12.

mesh node. Therefore, the large elastic force on the central point in the mesh
shown in fig. 6.5 is the result of the application of an external load, fixed in this
example to 2.2.
In the section 4.3 it was pointed out that an SCFS measurement requires an
adequate immobilisation of the cell on a support. In this simulation, a reason-
able solution to immobilise the cell consisted in neglecting the motion of the
centre of mass induced by the external load, and to reposition the centre of
mass of the cell in the initial position after each integration step. By applying
an external load to the cellular mesh and waiting for the mechanical equilib-
rium, the resulting cellular deformation can be used to build a computational
force-indentation curve. For this simulation, the criterion to define the condition
of mechanical equilibrium is based on the relative vertical displacement of the
cell-probe contact point in a single step, that should reach a lower threshold,
fixed to 10−4.
In section 4.3 it was also emphasised that the typical force-indentation curve
for an experiment of nanomechanics on a bacterial cell is non-linear. In this
simulation, due to the point-like character of the AFM probe, together with
the relatively small deformations compatible with the bacterial behaviour, the
computational force-indentation curves obtained within the model presented in
section 6.3 is linear, as shown in the example of fig. 6.6. However, Bailey at
al. [157], in a recent study on the mechanical properties of S. aureus bacte-
rial cells, observed that the typical behaviour of a force-indentation curve is
separable in two different stiffness regimes:

� Low stiffness regime: for low levels of load force and low levels of inden-
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Figure 6.6: Typical computational force-indentation curve, obtained for a spher-
ical mesh and ks = 6.0, kb = 10.0.

tation, the bacterial cell can be approximated as an elastic system with
a relatively low spring constant. This behaviour is typically attributed to
deformations involving the molecular envelope surrounding the cell, rather
than deformations of the peptidoglycan layer.

� High stiffness regime: for high levels of load force and high levels of inden-
tation depth, the bacterial cell can be approximated as an elastic system
with a relatively large spring constant that reaches values typically an
order of magnitude larger than those observed in the low stiffness regime
[157]. This behaviour is typically attributed to effective deformations of
the peptidoglycan layer.

The two stiffness regimes are well put in evidence in fig. 6.7, that reports a
typical experimental force-indentation curve obtained for an S. aureus strain
(fig. 6.7 (a)), and the same curve reported in log-log scale (fig. 6.7 (b)), taken
from the reference [157] and showing the presence of two slopes representative
of the two stiffness regimes mentioned above.
For this work, the low stiffness regime will be simulated by properly setting the
parameters involving the interactions between the cell and the substrate. This
procedure will be discussed in section 6.7. Therefore, in the following atten-
tion will be concentrated onto the high stiffness regime. The relation between
external load f and indentation depth δ will be as follows:

fhs(δ) ≈ f0 +Khs(δ − δ0) , (6.11)

where Khs is the spring constant of the whole bacterial cell in the high stiffness
regime, while δ0 and f0 are the values of the indentation depth δ and external
load f corresponding to the transition between the two regimes. Following a
procedure inspired by the work of Cimrak et al. [116], let {δsi , fsi }, i = 1, ..., N
be a list of values of indentation depths and external loads belonging to a single
simulated force-indentation curve, determined for a fixed choice of the stiffness
parameters, here represented by the vector ~k = (ks, kb, kal, kag, kv). The opti-

mised combination ~kopt of the stiffness parameters is the one that minimises the
corrected least square function
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Figure 6.7: Graphs showing a typical experimental force-indentation curve, de-
rived from the reference [157] and obtained for a S. aureus strain (panel (a)) and
the corresponding curve reported in log-log scale (panel (b)), which highlights
the presence of two stiffness regimes for different values of load forces. The
external load, here indicated as “Deflection force”, is reported as a function of
the nanoindentation, here named “Piezo Z height”.

G = ∆

[ N∑
i

(
fsi − fhs(δsi )

)2]1/2

. (6.12)

The quantity

∆ = |(δs,max − δs,min)− (δex,max − δex,min)| , (6.13)

where δs,max and δs,min are the maximum and the minimum indentation depth
derived from the simulation and δex,max and δex,min the corresponding exper-
imental values, is a corrective factor introduced to account for the deviations
between the range of simulated force-indentation curves and the corresponding
experimental range. Cimrak et al. [116] observed that, due to the weak depen-
dence on kal, kag, and kv parameters, it is convenient to determine first the

optimised values of ks and kb with a finer choice of the (~ks,~kb) combinations,
and then to determine the other parameters in a second step.
A first calculation of G for kal = kag = kv = 1 was made for 232 combinations
of ks, and kb, ranging from 1 to 100. The two combinations that minimise sig-
nificantly G were employed for the second and finer estimation of G, that led to
the optimised values of ks and kb. In Table 6.4 such optimised values of the ks
and kb parameters are reported, as obtained at the end of the procedure.
In fig. 6.8 a 3D graphical representation of the G function vs ks and kb is
shown for a Gram-positive spherical cell (S. aureus) (panel (a)), Gram-positive
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Figure 6.8: Graphical representation of the G function vs ks and kb for a Gram-
positive spherical cell (S. aureus) (panel (a)), Gram-positive cylindrical cell (B.
subtilis) (panel (b)), Gram-negative cylindrical cell (E. coli) (panel (c)).

cylindrical cell (B. subtilis) (panel (b)), Gram-negative cylindrical cell (E. coli)
(panel (c)). According to the work of Cimrak et al. [116], the dependence of G
on the parameter ks turns out weaker than the one on the parameter kb. This
behaviour is in accordance with the results found by Tothova et al. [241], who
put in evidence the dominant contribution of the stretching and the bending
forces for low levels of deformation.
The most relevant aspect deriving from this calibration procedure is the simi-
larity between the the optimised ks and kb parameters of a Gram-positive and
of a Gram-negative cylindrical cell. One possible reason of this similarity could
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Bacterial
configuration

δ0 f0 Khs kopts koptb Reference(s)
for δ0, f0

and Ks

Gram+
(spherical) (S.

aureus)

0.1 0.2 99±2 28 14 [157, 230]

Gram+
(cylindrical) (B.

subtilis)

0.1 0.2 49±17 44 14 [236]

Gram-
(cylindrical) (E.

coli)

0.1 0.2 82±21 54 14 [236, 237]

Table 6.4: Optimised values of ks and kb in the high stiffness regime for three
bacterial configurations: Gram-positive spherical, Gram-positive cylindrical,
Gram-negative spherical. The values of the experimental spring constants Khs

were derived from the references indicated in the last column.

be found in the deformation regime to which such calibrations are referred. In
particular, in the SCFS experiments the indentation depths induced by the force
load could be not large enough to fully distinguish the Gram-positive from the
Gram-negative cell. This circumstance reflects in a deformation on the compu-
tational cell affecting a relatively small region around the point of application of
the external load. Obviously, it is expected to have some relation between this
trend and the dominance of the stretching and the bending interactions [241]. In
their deformation regimes, at which the dominant contribution to the stiffness
interactions is attributable to other parameters, one should expect a different
behaviour. Future efforts will be devoted to study the possibility to calibrate
the cylindrical cellular model on experiments related to larger deformations,
such as investigations employing microfluidic devices [149, 150].

6.6 Constant area and volume parameters

This section is dedicated to the discussion about parameters related to the con-
servation of the mesh area and volume. In the procedure suggested in [116],
finalised to the determination of the parameters that well fit the mechanical be-
haviour of red blood cells, it is pointed out that the parameters kal, kag, and kv
are physically justified, since they are somehow related to the fluidic nature of
the cell membrane under external loads [231, 240], in particular to the rearrange-
ment of the surface phospholipidic molecules, whose high mobility is attributed
to non-covalent interactions between them. Experimental estimations of these
parameters are available [116] in order to make a comparison between opti-
mised and experimental conditions. A physical justification to these parameters
cannot be found in the case of bacterial cells, at the best of our knowledge.
Therefore, they will be set in order to grant a computational stability to the
cellular mesh within the range of possible deformations occurring to the mesh
itself.
Let 〈A〉 be the mean face area and 〈A〉0 the value of 〈A〉 at time t = 0. In
fig. 6.9 (a) the quantity (〈A〉 − 〈A〉0)/〈A〉0 is reported as a function of the ex-
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Figure 6.9: (a): relative variation of the total mesh area vs. the external load f ,
for values of kal spanning within the interval compatible with the computational
stability of the simulation; (b): relative variation of the mean face area vs. the
external load f , for values of kag spanning into the interval compatible with
the computational stability of the simulation; (c) relative variation of the total
mesh area vs. the external load f , for values of kal spanning within the interval
compatible with the computational stability of the simulation.

ternal load f for a spherical configuration, and for values of f within the range
of values commonly employed in SCFS experiments. Each colour represents a
value of kal parameter. The values of kal have been chosen in order to span
a range of orders of magnitude compatible with the computational stability
of the simulation and with a non-negligible contribution of the corresponding
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interaction. For the sake of conciseness, the corresponding results for the cylin-
drical geometry are not shown, since they are very similar. Regardless of the
behaviour of |(〈A〉 − 〈A〉0)/〈A〉0| with f , its range of variation is quite narrow.
This demonstrates the weak dependence on the kag parameter, at least for small
deformations of the cell wall. The same behaviour is observed for the quantity
|(Atot −Atot,0)/Atot,0|, where Atot is the total mesh area and Atot,0 its value at
time t = 0 (see fig. 6.9 (b)). The reason for the similar dependence of kal and
kag on f is that, let {Ai} with i = 1, ..., Nf be the list of the area of all the faces
of a mesh, the total area Atot is given by

Atot =

Nf∑
i=1

Ai −−−−→
Nf�1

Nf 〈A〉 . (6.14)

Therefore, for sufficiently high mesh resolutions,∣∣∣∣ 〈A〉 − 〈A〉0〈A〉0

∣∣∣∣ ≈ ∣∣∣∣Atot −Atot,0Atot,0

∣∣∣∣ . (6.15)

In other words, if the number of mesh nodes is sufficiently large, the local and
the global area contributions are mathematically identical [242].
The same behaviour is found in the corresponding variation of the total volume
(fig. 6.9 (c)).
In conclusion, for this work kal = kag = 1, a value far from the boundaries
of the range compatible with the numerical stability of the simulation. Since
the condition of constant volume is related to the physical requirement of an
incompressible fluid inside the bacterial cell, it was decided kv = 10, close to
the maximum value of kv for which the simulation is stable for all the values in
the range of external load explored.

6.7 Calculation of the interactions with the sub-
strate

For the determination of the optimised parameters that simulate the interac-
tions between the cell and the substrate, a theoretical approach was developed:
the total potential energy of interaction and the total force occurring between
a cell and an infinite flat substrate were calculated as a function of the distance
between the cell surface and the substrate. The result has been compared with
experiments, i. e. experimental measurements of the interaction forces between
single bacterial cells and substrates, e. g. mica slides.
As mentioned in the section 5.2, one of the most widespread experimental meth-
ods to measure the adhesion force between a single bacterial cell and a substrate
is based on the realisation of a bacterial probe by gluing a single bacterial cell on
the cantilever of an AFM probe. The bacterial probe is approached to the sub-
strate in order to adhere. Then the bacterial probe is retracted and the force
acting on the AFM cantilever is recorded as a function of the displacement
of the cantilever, leading to a force-distance curve. As already mentioned, its
shape is often complicated by the presence of several secondary effects, i. e. the
unfolding of extracellular polymeric substances, the breaking of receptor ligand
interactions, the effects due to the probe-substrate contact time, etc. However,
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to a first approximation, the overall behaviour of the bacterial strains can be
quantified in terms of the adhesion force fadh, i. e. the force needed to detach
the cell from the substrate, represented by the minimum of the force-distance
curve, and the work of adhesion Wadh, i. e. the work needed to detach the cell
from the substrate itself, represented by the integral of the force-distance curve.
It must be pointed out that the most part of experimental investigations be-
longing to this field focuses onto the determination of fadh, rather than Wadh.
Furthermore, such results are strongly dependent on the type of substrate and
on the bacterial strain. In addition, these measurements are characterised by an
high degree of dispersion, due to the intrinsic nature of such biological samples,
whose physico-chemical properties can strongly fluctuate even within the same
cell.
For all these reasons, the scope of the procedure illustrated below won’t be
to find accurate estimates of the computational parameters, but rather to find
computational parameters corresponding to values of fadh and Wadh of the
same order of magnitude of the experimental values. Where appropriate, the
behaviour of the simulated bacterium in proximity of a substrate mesh will be
studied for various choices of these computational parameters, within the order
of magnitude determined in the procedure.
For the calculation, both the cell and the substrate were assumed as perfectly
uniform and continuous distributions of nodes with surface densities σcell and
σsub, respectively. Furthermore, a node-node interaction given by a linear com-
bination of terms was supposed:

w(r) = − C
rn

, (6.16)

where C is a constant accounting for the strength of the potential and n > 0.
The reason for choosing such form of the potential is that with such simple ex-
pression it is possible to build several expressions widely employed in Molecular
Dynamics simulations, e. g. the Lennard-Jones potential. Furthermore, with-
out harming in general, a generic potential satisfying the proper condition of
holomorphism can be expressed as a Laurent expansion of terms of the same
type of eq. 6.17 [243]. Since the only two parameters available from the exper-
imental observations are fadh and Wadh, for algebraic reasons the node-node
interaction potential has to be dependent on two parameters. For this work, a
Lennard-Jones-like potential was chosen, in the form:

w(r) =
C1

r12
− C2

r6
, (6.17)

where C1 > 0 and C2 > 0. The main difference with respect to the tradi-
tional Lennard-Jones potential is that the repulsive (sixth-power term) and the
attractive (twelvth-power term) can be weighted by properly tuning the two
parameters C1 and C2.
Let σcell and σs be the surface densities of nodes for the cell and the flat sub-
strate and assume for all calculations σcell = σs = 12.8. The cellular radius R,
i. e. the radius of the sphere for the spherical cell and the base radius for the
cylindrical cell, was fixed to 2.
By adopting a procedure illustrated in detail in the Appendix A, the total in-
teraction energy between cell and substrate for the spherical and the cylindrical
cell, respectively, is given by
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Usptot(C1, C2, D) = (2π)2Rσcellσsub

{
C1

12

[
1

(D + 2R)3
− 1

D3

]
−C2

90

[
1

(D + 2R)9
− 1

D9

]}
(6.18)

U cyltot (C1, C2, D) =− (2π)2σcellσsubR

{
C1

10(D + 2R)10
2
2F1

(
1

2
, 10, 1;

2R

D + 2R

)
− C2

4(D + 2R)4 2F1

(
1

2
, 4, 1;

2R

D + 2R

)}
,

(6.19)

where D represents the distance between the flat substrate and the cellular
surface and, in the eq. 6.19, the symbol 2F1(a, b, c, z) denotes the hypergeometric
function6. The corresponding force will be given by

fsp,cyltot (C1, C2, D) = − ∂

∂D
Usp,cyltot (C1, C2, D) . (6.20)

The numerical force-distance curves resulting from this calculation are reported
in fig. 6.10 for the spherical geometry and in fig. 6.11 for the cylindrical geometry
with a total length of the cell equal to 1. The curves are reported for a fixed
value of the C1 parameter (figs. 6.10 (a) and 6.11 (a)) and for a fixed value
of C2 (figs. 6.10 (b) and 6.11 (b)). Overall, the dependence on the distance is
typical of non-covalent interactions between colloidal particles. In particular,
the force-distance dependence shows a minimum, that gives an estimate of the
range on which the force acts, and it decays to zero for D → ∞. In addition,
for increasing C1 parameter, representative of the repulsive contribution to the
interacting potential, the minimum of the force-distance curve shifts to larger
distances, becoming less pronounced. On the other hand, by increasing the C2

parameter, representative of the attractive contribution, the minimum becomes
sharper and shifts to smaller distances.

6.8 Role of the bacterial geometry

For the present work, the determination of the parameters C1 and C2, control-
ling the interactions between the computational bacterial cell and the substrate,
was made by adapting their value in order to obtain an adhesion force and a
work of adhesion coherent with experimental data taken from the literature. As
regards the adhesion force, the value of 1.0 computational units, corresponding
to ∼ 500 pN, was retained as reasonable. Similar values of adhesion force have
been detected by measuring the interactions between S. aureus and human skin
[244]. This force is considered by the authors of that work as a large value.
Therefore, the choice in the present work should represent a realistic favourable
condition for bacterial adhesion on a plane substrate.
As regards the work of adhesion, due to the scarcity of experimental data from
literature about this specific quantity, C1 and C2 parameters were chosen in
order to obtain the same order of magnitude of the work of adhesion measured

6Despite in this work a spherocylindrical cell was used, the contribution of the two hemi-
spherical caps has found to be negligible in the calculation of the potential energy.
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Figure 6.10: Representation of the theoretical force-distance curves, determined
with the eq. 6.18 for a spherical cell. The curves are reported for various values
of C2 at fixed C1 (a) and vice-versa (b).

on bacterial species different from the ones studied in this work [245, 246]. From
the literature, we retrieve that the work of adhesion measured on different sub-
strates normally ranges between 1 and 104 aJ. In particular C1 and C2 were
set to obtain a work of adhesion of 0.1 computational units, corresponding to
∼1.3·103 aJ that, according to those experimental results, has to be considered
as a reasonable value.
Noteworthy, although eqs. 6.18 and 6.19 were derived starting from similar prin-
ciples, they led to different optimised values of C1 and C2.
In fig. 6.12, the theoretical force-distance curves related to a specific geometry
are calculated not only with the optimised values regarding that specific geome-
try, but also with the optimised values for the other one. The physical meaning
is to equal the bacterial surface chemistry of the two geometries. Despite there
are measurable differences between the chemical composition of the cell surfaces
for different bacterial species, this rough approximation turns out reasonable,
since the chemical compounds on the bacterial surfaces are essentially polysac-
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Figure 6.11: Representation of the theoretical force-distance curves, determined
with the eq. 6.19 for a cylindrical cell of length 1 . The curves are reported for
various values of C2 at fixed C1 (a) and vice-versa (b).

charide chains, phosphate, and amine groups, etc. Further details will be given
in the section 4.1.
In particular, in fig. 6.12 (a), two theoretical force-distance curves, obtained
using in the eq. 6.19 (red) and 6.18 (black) the optimised values found for the
cylindrical geometry, with a cellular length L = 4.0, are reported. Instead, in
fig. 6.12 (b) data are shown coming out from the calculations made using the
optimised values for the spherical geometry. In all cases, the cylindrical geom-
etry shows a more repulsive behaviour than the spherical one. In particular, in
the first case (fig. 6.12 (a)), the force-distance curve obtained for the spherical
model shows a sharp and deep minimum, corresponding to an adhesion force
of ∼ 5.2 computational units, with a corresponding distance distance of ∼0.15
units. Instead, in the scale reported, the force-distance curve for the cylindri-
cal geometry is characterised by a less pronounced minimum, placed at larger
distances. In the second case (fig. 6.12 (b)), while the spherical geometry leads
to a force-distance curve with a minimum, not visible in the graph due to the
vertical scale, the cylindrical geometry leads to a curve with no minima, i. e. it
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(a) Cylindrical model

(b) Spherical model

Figure 6.12: (a): theoretical force-distance curves obtained by substituting opti-
mised values of C1 and C2 for the cylindrical cell with a length 4 on the eqs. 6.19
(red) and 6.18 (black). (b): the same as (a), but with the optimised parameters
for the spherical geometry.

is a purely repulsive one.
In both cases, the cylindrical geometry leads to more repulsive interactions than
the spherical geometry. A suggestive hypothesis on the repulsive character of
the cylindrical model is that it could have a physical meaning in the framework
of the cellular life in contact with a substrate. According to the pictures pro-
posed in the section 1.2.2, the cell, approximated as a rigid body interacting
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exclusively by contact, adheres on rough surfaces operating an adaptation to
geometric constraints. In this sense, a cylindrical geometry is less adaptable to
textured substrates with respect to a spherical geometry. This should explain
the higher aptitude to adhere to textured substrates observed in the case of
spherical bacterial species, e. g. S. aureus, with respect to cylindrical counter-
parts, e. g. E.coli.
The simple models of interaction presented in this chapter, aimed to remove the
constraint of a simple non-contact interaction, suggest that, even with plane
substrates, the bacterial geometry reflects also in significant differences for the
cell-substrate interactions, appearing more repulsive in the cylindrical geometry
than the spherical one.
Another possible description could be found in the cellular stiffness. It is known
that the most part of bacterial cells with cylindrical geometry are less rigid than
the spherical counterparts, due to the fact that most of them are Gram-negative.
This is essentially due to differences in turgor pressure together with a different
chemical composition and architecture of the peptidoglycan. As a consequence,
cylindrical cells are more prone to mechanical stresses when placed on a rough
substrate. Despite a cell owns various mechanisms to withstand to stresses,
e. g. the production of a molecular envelope, one could expect that the cylin-
drical geometry reflects in repulsive forces that should contrast the occurrence
of mechanical stresses.
Further efforts and developments are needed to clarify, both with experimental
and computational approaches, the validity of the hypotheses above.
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Chapter 7

Computational results

7.1 Introduction

In the subsection 1.2.2 the basic theories on how the surface roughness should
influence bacterial adhesion were introduced. According to the mentioned pic-
tures, the size of the surface protrusions with respect to the size of a single
bacterial cell is expected to be a fundamental parameter to distinguish between
a surface promoting the bacterial biofilm formation and an antibacterial one.
In particular, protrusions larger than a single bacterium should protect the cell
against the fluido-dynamic effects in proximity of the surface itself and therefore
promote bacterial adhesion. This behaviour will be referred to as sheltering ef-
fect. On the other hand, protrusions smaller than the cellular size should hinder
the adhesion, through a decrease in the contact area and/or the promotion of
mechanical stresses, similarly to the effect of a fakir bed. This behaviour will
be referred to as fakir effect. In the following sections such effects will be in-
vestigated and assessed through simulation procedures, in order to clarify the
appropriateness of the relevant theories in determining the bacterial adhesion
on substrates and to find relationships with surface parameters.

7.2 Sheltering effect

7.2.1 Sheltering effect on physically-coherent surfaces

The first step of the study required preparing computational surfaces designed
to be similar to the laser textured ones, as found in the morphological inves-
tigations. The main aim was to explore the possible correlations between the
sheltering effect and surface properties, e. g. the height of the protrusions, their
slope, etc. As mentioned in the section 6.7, the substrate interaction with a sin-
gle computational cell has been represented through a closed parallelepipedal
triangular mesh. The criterion used to obtain a textured surface was based on
generating a modulation on the upper face of the parallelepipedal substrate.
Let z(x, y) be the vertical coordinate of a single mesh node standing on the up-
per face of the parallelepipedal substrate. The surface was created by imposing
the following value of vertical coordinates:

115
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z(x, y) = A sin2

(
2πx

λx

)
sin2

(
2πy

λy

)
. (7.1)

Each node of the upper face of the mesh representing the substrate interacts
with the points of the computational cell through the potential already ex-
pressed in eq. 6.17. The parameters λx, λy, A have been set to values compati-
ble with experimental topographical maps retrieved from previous studies [247],
not carried out within the present work. For this specific set of simulations, the
fluido-dynamic conditions in proximity of the substrate have been established
by applying a constant flow. To this aim, the ESPResSo package includes a tool
consisting in inserting a computational “moving wall” and in fixing the velocity
field on this wall to the velocity of the wall itself. In the conventional fluido-
dynamic simulations, a capillary flow is simulated. Therefore, two walls are
usually inserted on the top and on the bottom of the simulation box. However,
in the simulations reported here the substrate should theoretically correspond
to a zero flow velocity, and a single wall on the top of the simulation box was
simulated, at a distance from the substrate expected to correspond to the bulk
fluid. Velocity attributed to the moving wall corresponded by definition to the
velocity of the bulk fluid, indicated with vbulk.

Figure 7.1: Image of a deformed spherical cell on a bump-like substrate, inspired
to the surface textures investigated in [247].

In fig. 7.1 single snapshots of the simulated motion of a spherical cell in proxim-
ity to a protrusion are shown as an example. The cell is pushed by the fluid and
the contact between the cell and the substrate, depending on the interaction
potential, determines a decrease in the cellular velocity. At the same time, the
cell deforms and the contact area between the cell and the substrate increases.
Therefore, one should expect that the deformed cell could interact more effi-
ciently with the substrate than the perfectly spherical one. This reflects in the
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occurrence of a sort of “friction”, resulting from the collective effect of the single
point to point interactions, quantified by the potential in the eq. 6.17.
The motion of the cell in this condition has been studied in terms of three
“averaged” parameters, i. e. observables related to the total duration of the
simulation. These parameters are reported in fig. 7.2. The mean centre of mass
velocity (fig. 7.2 (a)) follows a well defined trend as a function of the height of the
protrusion. At fixed vbulk, for small protrusion heights the cell follows a quasi
uniform motion with a velocity that is smaller than vbulk. During the motion,
the coupling between the cell and the computational fluid makes the velocities
of the cell nodes similar to the velocity field in their proximity. Therefore, the
reduction in the centre of mass velocity can be attributed to the surface effects.
The most relevant feature observed reveals the occurrence of a drop in corre-
spondence of values of A, representing the height of the simulated sinusoidal
protrusion, similar to the cellular size. This trend is more evident for large flow
velocities. The surface protrusion acts as a sort of dissipator of kinetic energy,
allowing the cellular mesh to decrease the velocity. It can be assumed that, in
such conditions, adhesion is favoured with respect to a motion on a flat surface.
The drop in the velocity occurs at heights compatible with the cellular size. This
supports the basic and qualitative idea of the sheltering effect, formulated from
the macroscopic experimental observations. Correspondingly, the stay time (fig.
7.2 (b)), defined as the time needed by the x-coordinate of the cellular centre
of mass to reach the value corresponding to the top of the protrusion, shows a
change in the slope if plotted in a logarithmic scale, in line with the trend of
vbulk.
The deformations due to the contact between the cell and the substrate have
been quantified in terms of the maximum asphericity reached during the sim-
ulation. The asphericity is a commonly used parameter adopted to take into
account the deviation form the spherical shape of a deformable object. This
parameter is defined as

b = λz −
1

2
(λx + λy) , (7.2)

where λx, λy, and λz are the eigenvalues of the gyration tensor associated to
the system. In the present case, the asphericity is used to take into account
the deformations from the spherical shape. By definition, b = 0 corresponds
to a perfect sphere, and increases in b reflect in a deviation from the spherical
geometry.
By increasing the velocity of the bulk fluid, vbulk, the deformation increases,
providing a larger contact area between the cell and the substrate. It is possible
that this effect could contribute together to chemical phenomena, allowing the
increase of the receptor-ligand catch bonds, responsible for the resistance to
shear forces.
The above presented simulation procedure has been designed in order to demon-
strate the occurrence of the sheltering effect on computational substrates in-
spired to experimental surfaces. However, these simulations show two draw-
backs:

� A computational effect, i. e. the occurrence of artieacts related to local
variations in the density of nodes, due to the method used to generate the
surface modulation, resulting in a sort of “stretching” of the surface. This
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Figure 7.2: Graphs of the mean centre of mass velocity (a), stay time (b),
and maximum asphericity (c) related to the simulation of a single spherical cell
moving towards a protrusion whose shape is inspired to laser textured surfaces
retrieved from previous studies [247]. The cell is in a simulation box whose
height is Lz = 22.0.

effect could be taken into account by performing the simulation in various
points of the same surface mesh; however, this method is time consuming,
due to the need of multiple simulations, together with the use of large
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substrate meshes;

� The effect of the physically coherent substrates presented is in principle
the result of several geometrical features, due to the shape of the surface
textures. For example, it can be argued that not only the height, but also
the width of the surface protrusion could have a role in determining the
occurrence of the sheltering effect.

For these reasons, as shown in the following sections, the sheltering effect will
be studied by using synthetic surfaces of a simpler form.

7.2.2 Dependence on the surface slope

In this section the effect of the surface slope in determining the occurrence
of the sheltering effect is analysed. For this purpose, the substrate adopted
has the shape of a ramp, composed of two identical parallelepipedal triangular
meshes with a border in contact, whose representation is given in fig. 7.3. The
combination of the two shapes determines a ramp.

Figure 7.3: Schematic representation of the simulation system related to the
study of role played by surface slopes in determining the sheltering effect.

The first parallelepiped is kept horizontal and represents the part of the sub-
strate interacting with the cellular mesh in the first part of the simulation. The
second parallelepiped is inclined by an angle β with respect to the horizontal
one. A shear flux is applied perpendicularly to the common border between
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the two parallelepipeds and parallel to the surface of the first one. In the table
B.1 a summary of the values of the simulation parameters adopted is reported.
In particular, the C1 and C2 parameters were chosen according to the model
presented in the section 6.7, following the criterion already mentioned in the
section 6.8, with the additional requirement of ensuring an adequate computa-
tional stability, i. e. to avoid intersections between the cellular and the substrate
meshes. The computational cell was initially placed on the horizontal surface, at
a distance corresponding to the minimum of the interaction potential resulting
from the choice of C1 and C2. This rule was used to define the concept of con-
tact between the cell and the substrate, since it ensures the initial mechanical
equilibrium preventing the occurrence of initial “jumps” of the cell, due to the
repulsive interaction with the substrate. With the choice of C1 and C2 adopted
here, the initial distance between the centre of the cell and the substrate turned
out 4.5 units.

Figure 7.4: Schematic representation of the three cellular configurations adopted
for the study of the role played by surface slopes in the sheltering effect: sphere
(a), cylinder with the axis parallel to the y axis (b), and the same cylinder with
the axis perpendicular to the y axis.

In fig. 7.5 the centre of mass velocity as a function of time is reported for two
cellular configurations, see the schemes in fig. 7.4. The general trend confirms
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that the surface slope determines a reduction in the centre of mass velocity,
increasingly with the slope angle β.

Figure 7.5: Centre of mass velocity of the computational cell as a function of
time in simulation units for a spherical cell (a), a cylindrical cell parallel to the
inclined ramp (b), and a cylindrical cell perpendicular to the inclined ramp. The
reported curves were obtained with a bulk fluid velocity vbulk of 0.06 simulation
units. Different values of inclination angles β are considered, as in the legend.

The graph in fig. 7.5 (a) shows that the centre of mass velocity exhibits an
initial reduction, due to the contact between the cell and the initial part of the
inclined substrate, followed by an increase in the velocity, representative of the
phase in which the cell is in contact with the inclined substrate. This increase is
due to a fluido-dynamic effetc, namely the circumstance that the fluid velocity
field increases its modulus for increasing distance from the flat portion of the
substrate. As the cell travels in contact with the inclined part of the substrate,
it enters regions of the fluid with increased velocity fields. Since the velocity
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field increases almost linearly with the height, the motion of the cell is almost
uniformly accelerated.
During the phase of contact between the cell and the substrate, the cell may
undergo phases of crawl alternated to rolling, resulting in variations of the plot-
ted data, particularly evident in the curve obtained at β = 80 deg. However,
the most relevant feature is that the inclined part of the substrate determines
an initial reduction in the cellular velocity, that is more pronounced for large
values of β. The minimum velocity reached during all the duration of the simu-
lation is the representative parameter accounting for this effect. This quantity
is reported in fig. 7.6 for a spherical cell, as a function of the β parameter and
for different values of the bulk fluid velocity vbulk. The graphs show how the
inclined substrate determines a reduction in the centre of mass velocity of up
to three orders of magnitude with respect to the initial value. In particular, for
the lowest value of vbulk considered in the simulations, the reduction reached a
factor ∼10−5 for β =80 deg.

Figure 7.6: Minimum centre of mass velocity of the computational cell reached
during the simulation as a function of the substrate slope for a spherical cell
(a), a cylindrical cell parallel to the inclined ramp (b), and a cylindrical cell
perpendicular to the inclined ramp (c). The reported curves were obtained
with a bulk fluid velocity vbulk of 0.06 computational units. Different values of
inclination angles β are considered, as in the legend.

The trend for the cylindrical cell, represented in fig. 7.4 (b), shows a similar,
but comparatively smaller, reduction in the cellular velocity. The difference
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with respect to the spherical geometry could be explained by a combination of
the friction between the cell and the substrate and the fluido-dynamic effects,
stronger in the cylindrical cell due to the larger volume. If the cylindrical cell
is placed with the axis parallel to the x axis, the reduction in the centre of
mass velocity is more evident, with minimum velocities reaching values of ∼
10−5 units. Therefore, this feature suggests that for the bacterial adhesion the
cellular configuration with the axis parallel to the direction of the fluid flow is
privileged.

7.2.3 Role of the surface chemistry

A generic surface property is generally the result of an intimate combination
between the surface topography and the surface chemistry. Therefore, we could
expect in principle a contribution of the parameters C1 and C2, accounting
for the cell-substrate interactions. Therefore, in order to clarify the role of
the surface chemistry on the occurrence of the sheltering effect, we studied the
motion of a computational cell in the three conditions related to the fig. 7.4, at
fixed inclination angle β, but different values of the C2 parameter controlling
the attractive interactions. A variation in this parameter could be related to a
variation in the electrostatic charge of the cell surface and/or of the substrate,
attributable for instance to changes in the ionic concentration of the bacterial
culture. The parameters regarding this simulation are reported in the table B.2.
For the sake of conciseness and for the similarities in the results, only results
for the spherical cell are shown. In fig. 7.7 the mean centre of mass velocity for
β=70 deg and for a bulk fluid velocity fixed to 0.06 simulation units is reported.

Figure 7.7: Mean centre of mass velocity as a function of time in simulation
units for a spherical cell and for β = 70 deg. The bulk fluid velocity was set to
0.06 simulation units.

As pointed out in the previous section, the C1 and C2 parameters were chosen
to obtain values of adhesion forces compatible with experimental findings. In
particular, for the simulation at fixed values of C1 and C2 described in the pre-
vious sections, their values have been set according to the criterion defined in
the section 6.8, i. e. to obtain a target adhesion force of ∼500 pN, a value typ-
ically considered as large within the frame of bacterial attachment. Therefore,
to highlight the role of the surface chemistry, such a choice of C1 and C2 was
taken as an upper limit in the adhesion force, and therefore the C2 parameter
was modified in the direction of decreasing its value. The chosen combination
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of parameters is expected to describe a range of practically occurring situations.
The behaviour of the mean centre of mass velocity (fig. 7.7), where no strong
modifications or visible trends are evidenced, shows therefore a negligible de-
pendence on the surface chemistry of the simulated processes.

7.3 Fakir effect

7.3.1 Description of the simulation procedure

As we pointed out in the section 1.2.2, according to the most accepted theories
sub-micrometric surface structures, smaller than the bacterial size, are expected
to play a crucial role in contrasting bacterial adhesion. Originally, the idea be-
hind this effect was based on a simple geometrical concept: sub-micrometric
features reduce the contact area between cell and surface, thus decreasing the
strngth of the involved interactions. However, more recent studies on the bacte-
ricidal effect in cicada’s wing have pushed researches to believe that this “zeroth-
order” geometrical picture is not sufficient to fully describe the phenomenon; in
fact, in some cases the sharpness of such sub-micrometric structures could be
large enough to induce local stresses on the bacterial cell wall. To clarify the
physico-chemical nature of the bacterial adhesion in the presence of fully micro-
metric structures, the computational approach employed in this work is based
on simulating adhesion onto a substrate replicating experimental topographical
maps, obtained with the ShFM microscope (see section 2.3). These substrates
were simulated starting from a parallelepipedal triangular mesh representing an
ideally plane substrate. Topographical maps were replicated on the upper face
of such parallelepiped, leading to results similar to those shown in fig. 7.8.

Figure 7.8: Example showing the triangular mesh representing the computa-
tional substrate employed in the simulation procedure aimed to study the con-
tribution of the sub-micrometric structures in bacterial adhesion. Left: Nano-
pillars; right: LIPSS.

In the attempt to simulate the adhesion of a single bacterial cell on a non reg-
ular topography, one of the most important issues regards how the mechanical
equilibrium of the cell in contact with the substrate is defined. Obviously, this
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concept is related to the force driving the approach of the bacterial cell onto
the substrate. We know that the approach can be related to Brownian motion
or, in the case of self-propellent cells, to the presence of flagellar appendages.
However, the origin and the order of magnitude of this force is actually not well
defined.

Figure 7.9: (a) FIB-SEM image of the section of a single cell of S. aureus cell
on an unmodified Au substrate [249]; (b) right: topographical image of a single
E. coli bacterial cell on a flat glass substrate obtained with an AFM stage in
contact mode [250]; (b) left: graph showing four topographical profiles, obtained
from AFM images of single bacterial cells along the direction perpendicular to
the cellular axis, referred to different states of the bacterial cell.

To solve this issue, the following method has been followed. From experimen-
tal data, we can retrieve informations about the geometry of a single bacterial
cell on a flat substrate. Two examples are proposed in fig. 7.9. In fig. 7.9 (a)
the sectional image of a single S. aureus bacterial cell on an unmodified Au
substrate, obtained with Focused-Ion-Beam (FIB) tomography combined with
SEM microscopy, is reported [249]. Instead, fig. 7.9 (b)-right shows the result
of an investigation via AFM in contact mode where a single E. coli bacterial
cell, placed on a flat substrate, has been imaged [250]. From this image it is
possible to extract topographical profiles along the direction perpendicular to
the cellular axis, like the one reported in fig. 7.9 (b) in blue. In fig. 7.9 left, a
graph with a series of such profiles, representing different cellular conditions, is
reported.



126 CHAPTER 7. COMPUTATIONAL RESULTS

As regards the spherical S. aureus cell, a convenient parameter to quantify the
cellular geometry on a plane substrate could be defined as the difference ∆h
between the vertical coordinates of the highest and of the lowest cellular points.
This parameter has been estimated through the observation of the FIB-SEM
experimental data [249]. The deformation of the cylindrical E. coli cell could
be quantified in terms of the sectional eccentricity, i. e. the ratio e between the
vertical and the horizontal axes of the elliptical section, obtained from profiles
similar to those shown in fig. 7.9 (b)-left. ∆h ∼ 3.6 and e ∼ 1.5 were estimated
following the above described procedures.
The first phase of the simulation procedure consists in approaching the cellu-
lar mesh on a perfectly flat substrate by exploiting a force, perpendicular to
the substrate plane produced through the flux of the LB fluid, described in the
section 3.31. At each simulation step, the ∆h or, for the cylindrical cell, the e
parameter, are used to monitor the cellular geometry. Finally, the simulation
is arrested when such parameters reach the experimental estimation, reported
above. At the end of this preliminary phase, the intensity of the force fapproach
applied to the LB fluid, the number Napproach of simulation steps required to
accomplish the simulation, and the initial distance zapproach between the centre
of mass of the cell and the upper face of the substrate are recorded.
The second phase, representing the proper simulation of interest, consists in
repeating the procedure of the first phase on the substrate mesh modified in
order to reproduce an experimental topography (see fig. 7.8), using the same
values of fapproach determined in the first phase. Furthermore, the initial dis-
tance between the centre of mass of the cell and the mean plane of the simulated
topographical map is set to zapproach. Finally, the simulation is arrested when
the number of steps reaches Napproach. By assuming fixed all other simulation
parameters, this procedure ensures the correspondence in the simulation condi-
tions between the flat and the textured substrate. Therefore, variations in the
mechanical responses of the cellular mesh and/or in the interactions with the
substrates should be attributed to the textured surface.

Figure 7.10: (a): example showing the map of the total f-metric of a sphe-
rocilindrical cellular mesh in contact with a textured substrate; (b): map of the
total f-metric for the nodes facing the substrate, highlighting local stress and
its variations.

1The only restriction to the choice of the value of this external force is to grant an ade-
quately resolved trajectory to the cellular mesh nodes.
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To obtain a statistical treatment of the simulation data, the second phase has
been repeated for 100 times using computational substrates obtained by repli-
cating different, and randomly chosen, portions of topographic maps. Such a
treatment is expected to prevent artefacts due to the local non-uniformities of
the laser treatment. For the cylindrical cell a random rotation parallel to the
substrate mean plane has been applied, in order to take into account the cellular
anisotropy.
The mechanical stresses acting on a single cellular node have been quantified
in terms of total f-metric, i. e. the total force of interaction with the neighbour
nodes, calculated as the sum of the contributions reported in the section 6.3.
In fig. 7.10 an example showing the graphical representation of the total f-metric
of a spherocilidrical cell in contact with a textured substrate is reported. The
total f-metric is represented as a false colour map with the same shape of the
deformed cell. Each node corresponds to a single intensity value of the total in-
teraction force with the neighbour nodes. For the sake of conciseness, hereafter
the total f-metric will be denoted as “local stress”.

7.3.2 Role of the substrate roughness

Figure 7.11: Histograms of the maximum local stress derived in 100 simulations
of bacterial adhesion onto a textured surface. (a) Spherical cell - LIPSS; (b)
Cylindrical cell - LIPSS; (a) Spherical cell - nano-pillars; (b) Cylindrical cell -
nano-pillars.

The role of the roughness, and in particular of the surface protrusion height,
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has been studied by performing the simulation using computational substrates
obtained by the experimental topographical maps, whose heights have been mul-
tiplied by a factor Mz ranging between 0.6 and 2.0. Within this frame, Mz < 1.0
corresponds to roughnesses smaller than the experimental ones, Mz > 1.0 cor-
responds to roughnesses larger than the experimental ones and Mz = 1.0 corre-
sponds to the measured experimental roughness as such.
The maximum stress observed over all nodes has been statistically treated.
The result is represented by the histograms reported in fig. 7.11. For all the
four combinations, i. e. spherical cell-LIPSS, cylindrical cell-LIPSS, spherical
cell-nano-pillars and cylindrical cell-nano-pillars, evaluation of the simulated
maximum local stress is affected by a large dispersion, due to the relatively
low number of simulated experiments associated to each simulation condition
and, mostly, to the random nature of the surface morphology at the local scale,
i. e. in the length scale on the order of magnitude of a single bacterial cell.
However, several interesting observations can be made from the study of the
distribution of local stresses. In particular, the maximum stress averaged over
all the 100 simulated experiments shows a clear increase when the parameter
Mz is increased. in other words, an increase of the average height of the surface
features determines an increase of the local mechanical stresses suffered by the
bacterial cell wall. As mentioned in the section 6.2, the particular choice of the
density of mesh nodes allows attributing to a single mesh face an average area
of the same order of magnitude of the apical area of a typical AFM probe em-
ployed in SCFS experiments. This feature allows a direct comparison between
the local stress in a single mesh node and the external loads generally applied
to single bacterial cells in SCFS experiments. The literature pertaining to the
topic suggests that bacterial cells are often subjected to external loads of 2-3
nN [251] without damage. Since one of the requirements of SCFS is to maintain
the cells alive during the measurements, such external loads are assumed not to
lead to cellular damage. In rare instances [215, 252] the external loads reached
values above 10 nN. By taking into account that the unit of force employed in
this work corresponds to ∼ 0.5 nN, local stresses reached in the simulations can
be assumed smaller than the damage threshold and therefore not to produce
cytotoxic effects. However, it must be pointed out that possible alterations in
the cellular metabolism induced by such small stresses cannot be ruled out,
evntually responsible for an unfavourable life environment. Unfortunately, the
literature does not report on investigations aimed at determining the rupture
threshold of single cells and/or the mechanical behaviour under constant and
prolonged external loads.
Nonetheless, several interesting conclusions can be drawn from the data reported
in fig. 7.12, further to the expected increase of stress with feature heights. For
instance, cylindrical cells exhibit a larger maximum local stress with respect to
the spherical ones at fixed Mz, in general agreement with the literature [44]
assessing a larger mechanical resistance for spherical cells. Interestingly, the
surface texture called “nano-pillars” leads to slightly larger values of the local
stress with respect to the “LIPSS”. By assuming significant this difference, from
qualitative observations of the two textures (see e. g. fig. 7.8), a role could be
attributed to the sharpness of the nano-pillars, although this hypothesis appears
not in full agreement with the experimental results discussed in section 2.4.2.
Indeed, experimental investigations suggested a substantially similar antibacte-
rial behaviour for nano-pillars and LIPSS, in both cases of S. aureus and E. coli
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Figure 7.12: Maximum stress, averaged over all the 100 simulated experiments,
for the four simulation conditions examined as a function of the Mz parameter.

contamination.
A possible interpretation for the apparent discrepancy between experiment and
simulation can be related to the whole description of the colonisation process.
In particular, one could expect that the nano-pillars, made of relatively small
and sharp protrusions, could contrast bacterial adhesion in the first steps, when
single cells or small clusters of cells approach the substrate. On the other hand,
the LIPSS structures, organised in the shape of relatively large islands, could
interfere with the biofilm formation in the subsequent steps, when small colonies
of cells join each other to give rise to the mature biofilm. A possible experi-
mental investigation clarifying the issue could be based on assessing the fraction
of death cells in the final biofilm, which should turn out larger in nano-pillars,
than in LIPSS.

7.3.3 Role of the surface chemistry

As already mentioned, the interplay between surface chemistry and roughness is
an interesting, yet unresolved, topic. In this sense, simulation is more versatile
than experiments, since it allows tuning in a wide range the parameters ruling
chemical interactions between the molecular envelope surrounding the bacterial
cell and the functional groups on the substrate. As mentioned in the section
2.4.2, a different surface chemical composition can be imposed to laser textured
stainless steel surfaces. While such surfaces left in air undergo a transition from
hydrophilic to hydrophobic, when put into boiling water for 48 hours imme-
diately after the laser treatment, they remain hydrophilic. The “hydrophobic
LIPSS” and “hydrophilic LIPSS” mentioned in the section 2.4.2 show similar
antibacterial behaviour for E. coli. This result suggested a minor role of the sur-
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face chemistry in determining the antibacterial behaviour when a certain level
of roughness is present.
In this subsection, the simulation procedure defined in the subsection 7.3.1 has
been employed to study the role of the chemical interactions between the cellu-
lar molecular envelope and the functional groups on the substrate surface.
As discussed in the section 6.3, the cell-substrate interaction occurs via a pair-
wise Lennard-Jones-like potential (eq. 6.17) taking place between cellular and
substrate nodes. The parameter adopted to tune the cell-substrate interaction is
the ratio C1/C2, where C1 and C2 are the parameters used to weight the repul-
sive and the attractive terms of the potential represented by the eq. 6.17. Similar
to the subsection 7.3.2, the simulation procedure consisted in the repetition of
100 simulated experiments on textured surfaces reproducing experimental to-
pography for different values of the ratio C1/C2. According to the definition of
contact, given in the subsection 7.3.1, different choices of C1 and C2 should in
principle lead to different values of Napproach at fapproach and zapproach fixed.
The computational surface interactions were varied by increasing the C1 pa-
rameters, starting from an optimised choice of C1 and C2, such to obtain a
simulated adhesion force of ∼1.0 computational units, corresponding to ∼500
pN (further details on the parameters are given in table B.4). This increase of
C1 could in principle simulate an increase of the repulsive interactions, e. g. for
variations in the ionic strength of the environment, of the volume of the extra-
cellular polymeric substances and therefore of the total steric repulsion range,
or changes in the Acid-Base interactions, associated with changes in the surface
wettability.

Figure 7.13: Graphs showing the arithmetic mean of the maximum local stress
over 100 simulated experiments for a spherical cell (a) and a cylindrical cell
(b) as a function of the ratio C1/C2, for C2 fixed to 3.1·10−6. The simulations
have been performed on computational substrates replicating LIPSS, in red, and
nano-pillars, in black.

The arithmetic mean of the maximum local stress over 100 simulated experi-
ments shows a decrease with the ratio C1/C2, as in fig. 7.15. In particular, for
the spherical geometry (fig. 7.15 (a)), data tend to an asymptotic value for large
C1/C2. This asymptotic value is representative of the envelope of the spatial
region where the pairwise potential is non-zero. In fact, for large C1/C2, this
envelope approaches a flat surface, and therefore,for further increase of C1/C2,
the cellular behaviour doesn’t depend on C1/C2. Furthermore, the spherical
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geometry leads to smaller dispersions, possibly due to the larger geometrical
adaptability of the spherical shape.

Figure 7.14: Arithmetic mean of the contact area over 100 simulated exper-
iments for a spherical cell (a) and a cylindrical cell (b) as a function of the
ratio C1/C2, for C2 fixed to 3.1·10−6. The simulations have been performed on
computational substrates replicating LIPSS, in red, and nano-pillars, in black.

Further interesting conclusions can be made by studying the behaviour of the
contact area between the cellular mesh and the substrate. In this work the
contact area has been defined by employing the cutoff radius rc for the pairwise
Lennard-Jones-like potential; contact area is defined as the sum of the areas of
the mesh cellular faces having all the three nodes at the vertices at a distance
below rc from at least one substrate node. Results are reported for the spheri-
cal geometry (fig. 7.13 (a)) and the cylindrical geometry (fig. 7.13 (b)). In both
cases the behaviour indicates that the dependence on C1/C2 is negligible. A
small computational density of the substrate nodes, not large enough to resolve
small variations, cannot be ruled out, as well as excessive values of the rc pa-
rameter.

Figure 7.15: Arithmetic mean of the attractive interaction energy over 100
simulated experiments for a spherical cell (a) and a cylindrical cell (b) as a
function of the ratio C1/C2, for C2 fixed to 3.1·10−6. The simulations have
been performed on computational substrates replicating LIPSS, in red, and
nano-pillars, in black.
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However, a relevant result comes from this analysis: the reduction of contact
area for an increasingly repulsive character of the interactions corresponds to a
reduction in the average local stress. Alternatively, this problem can be analysed
from the point of view of the attractive contribution of the interaction energy,
obtained as a sum of the attractive contributes of the potential in eq. 6.17. As
shown in fig. 7.14, the absolute value of this quantity shows a decrease with
C1/C2, indicating a decrease in the physico-chemical interactions with the sub-
strate.

Figure 7.16: Scheme on the two possible mechanisms responsible for the an-
tibacterial behaviour of a textured surface.

These results suggest a possible interpretation for the role of the surface chem-
istry in the antibacterial behaviour of textured surfaces and on how the surface
roughness acts at the local scale to determine the macroscopical antibacterial
behaviour. Pictures in fig. 7.16 are intended to clarify the concept: when the
chemical composition of the substrate determines a local overall attractive char-
acter, the cell tends to be locally attracted towards the substrate, thus deter-
mining mechanical stresses, eventually leading to unfavourable conditions for
the cellular life. Otherwise, when the overall chemistry determines a repulsive
behaviour, the cell is locally repelled from the substrate and the mechanical
configurations approaches the condition of an interaction based exclusively to
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contact interactions. In this configuration the antibacterial behaviour can be
motivated with the traditional approach based on the reduced contact area, that
facilitates the removal via hydrodynamic turbulences. Thus, the antibacterial
behaviour could result from the interplay between the two effects: a stress-effect
(fig. 7.16 (a)) and a geometrical effect (fig. 7.16 (b)). Such a simplified picture
could be relevant in explaining the minor role played by the surface chemistry
in determining the antibacterial behaviour of LIPSS, as in the section 2.4.2.
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Conclusions

General objectives of the research entailed in this work were to fabricate laser
textured surfaces, to verify their antibacterial, and more general functional
properties. In particular, this work aimed at analysing the morphology of the
textured surfaces and at finding an interpretation for the observed behaviour
through simulations of the dynamics of bacterial cells close to a surface and in
the presence of a fluid. The whole research, carried out within the frame of
an international collaboration funded by the EC H2020 Program, was oriented
towards industrial applications of laser texturing in the field of antibacterial
surfaces for food handling purposes.
A wealth of samples was produced with different variants of ultrafast laser abla-
tion methods and involving a wide range of processing parameters, by keeping
the same choice of target material, stainless steel as inspired by industrial appli-
cations. A selected set of samples has been considered in this thesis. Moreover,
such textured surfaces have been employed in preliminary experiments of injec-
tion moulding in order to transfer the obtained patterns onto plastic substrates
(polyethylene), also of common use in agrifood industry.
This work enabled demonstrating the efficiency of laser texturing for obtain-
ing surface structures on a large scale and with an overall efficiency compatible
with industrial requirements. Bacterial colonisation tests carried out according
to ISO standards on several produced samples demonstrated that some of them
show remarkable antibacterial properties. The achieved reduction above 90% in
biofilm formation is a strongly appealing result in view of the planned applica-
tions of the laser textured surfaces.
Furthermore, in this thesis work produced samples have been analysed with
the specific goal of obtaining quantitative information about their surface mor-
phology. To this aim a set of highly sensitive and reliable techniques based on
optical and scanning probe microscopies, which proved perfectly adequate for
the purpose, were used, along with electron microscopy information. The mor-
phological analysis revealed a wide range of different surface structures with a
strong dependence on the processing parameters (laser fluence, repetition rate,
scanning speed, etc.) and on the microstructural properties of the substrate
(grain size and boundaries). Such a variety of observed structures required a
specific search of suitable areal surface metrological parameters, in the frame-
work of ISO standards, for sample characterisation.
The large variety of structures and the related antibacterial behaviour, although
in accordance with the common picture on the role of surface roughness in bac-
terial biofilm formation, left open issues dealing with the physico-chemical pro-
cesses involved at the microscopic scale. Due to the lack of theoretical models
able to predict the behaviour of bacterial cells in proximity of a solid surface,
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a comprehensive computational approach has been originally developed in this
thesis work, based on available Molecular Dynamics codes initially proposed for
describing the motion of red blood cells in capillary flows. Adaptation of the
code required efforts aimed at simulating specific experiments, e. g. nanoinden-
tation and cellular adhesion, in order to retrieve suitable computational param-
eters.
Having in mind the need to simulate realistic situations, involving e. g. drag
effects due to the presence of a fluid flux, a rather customary condition in agri-
food applications, analysed several configurations have been simulated, inspired
by the typical topography observed in the laser textured samples.
Within this frame the sheltering effect, a well-known mechanism hypothisesed
to enhance bacterial growth on rough substrates, was properly reproduced for
specific morphologies, i. e. those featuring marked topography variations at the
micrometric scale. Furthermore, the crucial role played by surface slopes in
slowing down the bacterial motion, a condition expected to promote cellular
adhesion in the initial stage of biofilm growth, has been evidenced through sim-
ulations.
Simulations predict the recipe to realise surfaces with small slopes, in order to
avoid sheltering effect and the consequent promotion of adhesion compared to
unstructured surfaces. While this can be considered as a rather obvious result
compared to the present knowledge on antibacterial surfaces based on macro-
scopic experiments, the approach developed here enabled identifying quantita-
tive figures of merit at the microscale in terms of bacterial adhesion.
From the point of view of antibactericity, the most promising topographic fea-
tures are represented by the sub-micrometric ones. In particular, the compu-
tational frame developed in the present work enabled studying the fakir effect,
a picture used to explain the role of sub-micrometric roughness on the bacte-
rial viability in contact with a surface. This simulation highlighted the role
of sub-micrometric surface protrusions, mimicking in height, width, shape, and
periodicity those actually observed in topographical maps of laser textured sur-
faces, in increasing local stresses felt by the cellular membrane. The result
represents a step forward, not reported in the literature appeared so far, at
the best of the candidate’s knowledge, with respect to the naif description com-
monly adopted to interpret the behaviour of naturally occurring nanostructured
surfaces, e. g. cicada’s wings.
The simulations enabled a direct comparison between the obtained values and
the typical range of external loads adopted in Single Cell Force Spectroscopy
(SCFS) studies of the mechanical properties of bacterial cells. Although no in-
dication was found in the available literature concerning SCFS on the external
loads corresponding to cellular damage, and therefore, from an experimental
point of view, further efforts have to be devoted to study the breaking load of
single bacterial cells, the statistical nature of our simulations provided a direct
and more meaningful comparison between the computational predictions and
experimental results on the macroscopic scale.
The work carried out during the thesis led to six papers already published, see
references [32, 69, 74, 75, 76, 112]. Other publications are planned in the short
term in order to address already mentioned issues such as, replication of textures
onto flexible substrates by injection moulding, a comprehensive description of
the sheltering effect based on simulations, the analysis of the fakir effect in laser
textured substrates, also accomplished on the basis of simulations joined with
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a detailed comparison with experimentally observed surfaces.
Further to that, there are many directions for possible improvements opened by
the present work. They entail practically all components of the research, from
fabrication to simulations. As far as the laser processing is concerned, overall
results of the present work suggest to develop machining strategies aimed at
producing dense textures of tiny spikes, in line with the attainment of a robust
fakir effect. However, up to now poor information is available about the lifetime
of the laser treatment. This issue involves several work conditions, including the
use of chemicals, in the framework of the sanitation procedures normally exe-
cuted in industrial plants, the resistance to friction, etc. Within this frame, the
study of the deposition of protein films, considered as a significant precursor
of the surface bacterial adhesion, could be a fundamental route to clarify the
effective efficiency of laser textured surfaces in practical operating conditions.
An important issue which has been intentionally not treated in the present
work deals with the occurrence of chemical bonds between bacterial cells and
substrate. This issue should be tackled when studying bacterial adhesion at
more advanced stages of the biofilm formation. As explained in the thesis, in
the present work the interaction has been modelled with a simple Lennard-Jones
like potential. While this turned out a powerful approach able to provide re-
sults in substantial agreement with specific experiments in the framework of
SCFS, clearly it neglected any possible chemical effect, expected to platy a role
in the formation of a biofilm. Addressing the steps subsequent to the physical
interaction of single bacterial cells in the planktonic state is a goal beyond the
scope of this work, which will be eventually addressed in the future, for instance
by including in the model a random occurrence of harmonic-like kinks, repre-
senting the effect of the dominant attractive contribution to the potential of
interactions, connecting selected nodes of the cell with the substrate. Investi-
gating the role of chemistry will likely require experimental studies of bacterial
colonisation on substrates made of other materials, different from the reference
material, stainless steel, used here.
Finally, further to inclusion of chemical effects, simulations can also be im-
proved, for instance by analysing the behaviour of other textures. Flexibility of
the computational method is in fact large enough to accommodate many topo-
graphical variants, with obvious limitations in terms of computational resources
and of spatial resolution, due to the fixed distance between discrete nodes of cell
and substrate. Moreover, refinement of the model could also lead to describe
self-propelling of bacteria in the planktonic state, whose dynamics is expected
to be strongly influenced by the local distribution of the flow lines in the fluid
interacting with the cell. Treatment of the related phenomena will likely require
improvements of the fluid description, in particular to increase the density of
fluid cells in the simulation.
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Appendix A

Calculation of the
cell-substrate interaction

To determine the total potential energy and the total force between the cellular
meshes and the substrate, a theoretical approach was adopted, based on the
assumption of perfectly continuous distributions of cell nodes.
Let be a point P at distance D from a flat infinite substrate (see fig. A.1). The
interaction between the point P and a substrate node placed at distance r from
P is represented by the potential

w(r) = − C
rn

, (A.1)

where C is a constant accounting for the strength of the potential and n > 0. By
assuming the additivity of the potentials, the total potential energy of interac-
tion between P and the surface will be given by the sum of all the contributions
relative to the single two-points interactions between P and each node of the
surface. By adopting a continuous approximation for the distribution of nodes
on the plane surface, let σsub be the surface density of nodes for the substrate.
The number of substrate nodes in the surface infinitesimal element dS, indicated
in fig. A.1, will be given by

dNsub = σsubρdρdα , (A.2)

where ρ and α are the radius and the polar angle, respectively. Therefore, the
contribution to the total potential energy provided by the dN nodes belonging
to the surface element dS will be

dU = − C

(D2 + r2)n/2
dNsub = − C

(D2 + r2)n/2
σsubρdαdρ . (A.3)

The total potential energy can be calculated by integrating dU over the domain
{ρ ∈ (0,∞), α ∈ [0, 2π)}. The result is

U(C, n,D) = −2πCσsub
n− 2

1

Dn−2
, (A.4)

which is valid with the additional assumption of n > 2, that ensures the conver-
gence of the integral. The result given by eq. A.4 will be employed for the cal-
culation of the total potential energy of interaction between an extended mesh,
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Figure A.1: Scheme relevant to the calculus of the interaction between a single
mesh node on a flat substrate.

representing the bacterial cell, and the flat substrate, that will be illustrated
in the following. For these calculations, the same continuous approximation
adopted for the flat substrate will be adopted for the mesh representing the cell.
In particular, the cellular mesh will be described as a uniform distribution of
nodes with a surface density σcell.

Case 1: spherical mesh

For the following calculations, the scheme shown in fig. A.2 is considered. The
number of mesh nodes in the cellular surface infinitesimal element dA high-
lighted in fig. A.2 will be

dNcell = 2πσcellR
2 sin θdθ , (A.5)

where R is the cell radius. Each node belonging to dA will contribute to the
total potential energy with a term of the same shape of eq. A.4. Therefore, the
contribution to the total potential energy provided by the surface infinitesimal
element dA will be

dU =

(
− (2πR)2Cσcellσsub

n− 2

)
sin θdθ

[D +R(1− cos θ)]n−2
, (A.6)

The total potential energy will be obtained by integrating the eq. A.6 in the
domain θ ∈ [0, π). The result is

Usp(C, n,D) =
(2π)2Cσcellσsub
(n− 2)(n− 3)

[
1

(D + 2R)n−3
− 1

Dn−3

]
. (A.7)

As specified in the section 6.7, for this work, shape of the node-node interaction
potential is as follows:
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Figure A.2: Scheme illustrating the choice for the surface infinitesimal element
needed in the calculation of the total interaction energy between a spherical
mesh and a flat infinite substrate.

w(r) = −C1

r12
+
C2

r6
. (A.8)

This potential results in the following expression for the total potential of inter-
action between the spherical cell and the flat infinite substrate:

U totsp (C1, C2, D) = (2π)2Rσcellσsub

{
C1

12

[
1

(D + 2R)3
− 1

D3

]
−C2

90

[
1

(D + 2R)9
− 1

D9

]}
.

(A.9)

Case 2: Cylindrical mesh

The fig. A.3 illustrates the sectional image of a cylindrical cell interacting with
an infinite flat substrate. In this case, dA represents the infinitesimal surface
element. If the width of dA along the x̂ perpendicular to the plane of view is
dx, the number of cell nodes inside dA will be

dNcell = σcellRdθdx . (A.10)

Following the same steps adopted for the spherical cell, this leads to the following
integral, which provides the total potential energy per unit of cell length:
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Figure A.3: Scheme illustrating the sectional image of a cylindrical cell interact-
ing with an infinite plane substrate. The surface infinitesimal element chosen
for the calculation is represented in pink.

Utot(C, n,D) = −4πCσcellσsubR

n− 2

∫ π

0

dθ

[D +R(1− cos θ)]n−2
. (A.11)

The calculation of this integral leads to

Utot(C, n,D) = −4π2CσcellσsubR

n− 2

1

(D + 2R)n−2
,2 F1

(
1

2
, n− 2, 1;

2R

D + 2R

)
,

(A.12)
where

2F1 (α, β, γ; z) =
Γ(γ)

Γ(α)Γ(β)

∞∑
n=0

Γ(α+ n)Γ(β + n)zn

Γ(γ + n)n!
(A.13)

represents the hypergeometric function [254]. Therefore, for a node-node po-
tential of the shape given by eq. A.8, the total interaction potential between a
cylindrical cell and an infinite flat substrate per unit length is given by

U cyltot (C1, C2, D) =− 4π2σcellσsubR

{
C1

10(D + 2R)10 2F1

(
1

2
, 10, 1;

2R

D + 2R

)
− C2

4(D + 2R)4 2F1

(
1

2
, 4, 1;

2R

D + 2R

)}
.

(A.14)
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The calculation of the total potential energy of interaction in the case of a
spherocylindrical geometry implies the introduction of an additive term to the
eq. A.14, representative of the two hemispherical caps. This term should equal
to the potential associated to a singe spherical cell, i. e. the eq. A.9. However,
this contribution has found to be negligible, and therefore it has been omitted.
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Appendix B

Details about the
simulation parameters

B.1 Sheltering effect: dependence on the sur-
face slope

Parameter Value/range (in simulation units)

Dimension of the simulation box Lx 10.0

Dimension of the simulation box Ly 15.0

Dimension of the simulation box Lz 22.0

Temporal step ∆t 0.01

ks Spherical cell: 28.0; Cylindrical cell: 44.0

kb Spherical cell: 14.0; Cylindrical cell: 14.0

kal Spherical cell: 1.0; Cylindrical cell: 1.0

kag Spherical cell: 1.0; Cylindrical cell: 1.0

kv Spherical cell: 10.0; Cylindrical cell: 10.0

Lattice-Boltzmann spacing d 1.0

Fluid density d 1.0

Fluid kinematic viscosity d 100.0

Lattice-Boltzmann relaxation time τ 0.01

Cell-fluid coupling parameter ξ Spherical cell: 1.2; Cylindrical cell: 0.8

Density of the cell nodes σcell 12.8

Density of the substrate nodes σsub 28.0

Cell radius R 2.0

Cell length L (Cylindrical) 8.0

Repulsive strength C1 Spherical cell: 3.1·10−7; Cylindrical cell: 1.0·10−11

Attractive strength C2 Spherical cell: 1.7·10−5; Cylindrical cell: 7.6·10−7

vbulk < 0.07

Table B.1: Summary of the simulation parameters regarding the role of the
surface slope in the sheltering effect. The C1 and C2 parameters were determined
from the models presented in the section 6.7.
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B.2 Sheltering effect: dependence on the sur-
face chemistry

Parameter Value/range (in simulation units)

Dimension of the simulation box Lx 10.0

Dimension of the simulation box Ly 15.0

Dimension of the simulation box Lz 22.0

Temporal step ∆t 0.01

ks Spherical cell: 28.0; Cylindrical cell: 44.0

kb Spherical cell: 14.0; Cylindrical cell: 14.0

kal Spherical cell: 1.0; Cylindrical cell: 1.0

kag Spherical cell: 1.0; Cylindrical cell: 1.0

kv Spherical cell: 10.0; Cylindrical cell: 10.0

Lattice-Boltzmann spacing d 1.0

Fluid density d 1.0

Fluid kinematic viscosity d 100.0

Lattice-Boltzmann relaxation time τ 0.01

Cell-fluid coupling parameter ξ Spherical cell: 1.2; Cylindrical cell: 0.8

Density of the cell nodes σcell 12.8

Density of the substrate nodes σsub 28.0

Cell radius R 2.0

Cell length L (Cylindrical) 8.0

Repulsive strength C1 Spherical cell: 3.1·10−7; Cylindrical cell: 1.0·10−11

Attractive strength C2 Spherical cell: <1.7·10−5; Cylindrical cell: <7.6·10−7

vbulk < 0.07
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B.3 Fakir effect: role of the substrate roughness

Parameter Value/range (in simulation units)

Dimension of the simulation box Lx 10.0

Dimension of the simulation box Ly 15.0

Dimension of the simulation box Lz 22.0

Temporal step ∆t 0.01

ks Spherical cell: 28.0; Cylindrical cell: 44.0

kb Spherical cell: 14.0; Cylindrical cell: 14.0

kal Spherical cell: 1.0; Cylindrical cell: 1.0

kag Spherical cell: 1.0; Cylindrical cell: 1.0

kv Spherical cell: 10.0; Cylindrical cell: 10.0

Lattice-Boltzmann spacing d 1.0

Fluid density d 1.0

Fluid kinematic viscosity d 100.0

Lattice-Boltzmann relaxation time τ 0.01

Cell-fluid coupling parameter ξ Spherical cell: 1.2; Cylindrical cell: 0.8

Density of the cell nodes σcell 12.8

Density of the substrate nodes σsub 28.0

Cell radius R 2.0

Cell length L (Cylindrical) 8.0

Repulsive strength C1 Spherical cell: 1.5·10−8; Cylindrical cell: 2.6·10−9

Attractive strength C2 Spherical cell: 6.18·10−8; Cylindrical cell: 3.1·10−6
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B.4 Fakir effect: role of the surface chemistry

Parameter Value/range (in simulation units)

Dimension of the simulation box Lx 10.0

Dimension of the simulation box Ly 15.0

Dimension of the simulation box Lz 22.0

Temporal step ∆t 0.01

ks Spherical cell: 28.0; Cylindrical cell: 44.0

kb Spherical cell: 14.0; Cylindrical cell: 14.0

kal Spherical cell: 1.0; Cylindrical cell: 1.0

kag Spherical cell: 1.0; Cylindrical cell: 1.0

kv Spherical cell: 10.0; Cylindrical cell: 10.0

Lattice-Boltzmann spacing d 1.0

Fluid density d 1.0

Fluid kinematic viscosity d 100.0

Lattice-Boltzmann relaxation time τ 0.01

Cell-fluid coupling parameter ξ Spherical cell: 1.2; Cylindrical cell: 0.8

Density of the cell nodes σcell 12.8

Density of the substrate nodes σsub 28.0

Cell radius R 2.0

Cell length L (Cylindrical) 8.0

Repulsive strength C1 Spherical cell: 1.5·10−8, 1.5·10−7, 1.5·10−6, 1.5·10−5,
1.5·10−4, 1.5·10−3, 1.5·10−2; Cylindrical cell: 2.6·10−9,

2.6·10−8, 2.6·10−7, 2.6·10−6, 2.6·10−5, 2.6·10−4,
2.6·10−3, 2.6·10−2

Attractive strength C2 Spherical cell: 6.18·10−8; Cylindrical cell: 3.1·10−6



Appendix C

Injection moulding
replication on plastic
substrates

One of the objectives of the TresClean project, the framework for the present
thesis work, was to extend the field of application of laser texturing to plastic
materials. A possible route to this aim can be found in the use of laser machined
masters made, e. g. of stainless steel, and in the development of imprint methods
able to transfer the surface pattern of the master onto a plastic substrate.
The concept above is greatly appealing from the industrial point of view, in
particular in the case the replication process can ensure a large yield and the
possibility to operate on large scales with great efficiency. Such requirements
are well satisfied by the injection moulding process, where the master is pressed
onto a flat surface and a solution containing a thermoplastic polymer is inter-
posed between the master and the flat surface. During the imprint, the polymer
is kept at a certain temperature, and, after cooling, a layer of polymer is ob-
tained with a surface, the one originally in contact with the master, showing a
negative copy (a replica) of the surface features of the master.
Such an approach has been applied within the TresClean project in order to
verity the ability to replicate laser textured surfaces. Injection moulding was
made at BSH Electrodomésticos España (Zaragoza, Spain) using masters pro-
duced by laser machining at both AlphaNov (Talence, France) and University
of Stuttgart (Stuttgart, Germany). Details of the laser texturing, involving also
a variant of machining strategy known as DLIP (Dual Laser Interference Pat-
terning) [255], and of the injection moulding process, specifically developed by
the BSH partner for polyethylene, are not reported here.
In this Appendix, a short overview of the surface characterisation of the plas-
tic surfaces, carried out by the candidate using different methods, is presented.
Results must be intended as preliminary, also owing to the absence of system-
atic investigations of the antibacterial properties, presently in progress. Once
realised, such investigations could also be relevant to better point out the role
played by the surface chemistry in ruling the antibacterial properties.

An example of a master and of a polymer substrate are shown in fig. C.1; the
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heating liquid 
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Figure C.1: Picture of the master and of the polyethylene replica obtained by
injection moulding.

master is a bulky piece of stainless steel containing the tubes for the heating
liquid, the polymer solution inlet, and a pair of pullers needed to separate the
master and the polymer substrate at the end of the moulding process. The
substrate has the shape of a rounded rectangle, with 60 mm × 40 mm sides and
a thickness around 1.8 mm.
The polymeric samples have been analysed via different techniques. First of all,
optical microscopy has been used to assess the occurrence of surface structures.
To this aim, a Nikon Ti-Eclipse inverted microscope, equipped with a 50× (NA
= 0.8) objective, a Canon camera and a white-light LED illuminator, has been
used. An example of the acquired images, with a field of view around 0.3 mm
× 0.2 mm, is shown in fig. C.2 (a): a relatively regular array of parallel lines,
corresponding to the LIPSS texture of the master, is visible along with several
defects such as, sparse linear scratches, micrometric holes, bumps.
The samples have been then analysed with the ShFM microscope: an example
of a topographical map is reported in fig. C.2 (b), referred to the same sample
of panel (a) produced at AlphaNov. The topography clearly shows the presence
of a quasi-regular array of ripples, as well as portion of the scratches already
detected in the optical image. The inter-ripple spacing has been assessed by
auto-correlation maps, not reported here, leading to (0.89±0.02) µm, in agree-
ment with the expectations for the features produced by laser texturing in that
case. This represents a first confirmation of the quality of the replication pro-
cess. Unfortunately, however, additional, irregular, and unexpected features
were also detected, in particular in the form of bubbles, or bumps. They could
ascribed to a sort of debris, possibly formed in the step involving separation of
the master from the polymeric layer and resistant to mild cleaning procedures
(e. g., immersion in ethanol).

The overall ability of the injection moulding process in view of replication is well
demonstrated by fig. C.3, summarising topography maps on different samples
and including also those produced by using masters laser textured at University
of Stuttgart with a variant of the DLIP technique. In such case, the textured
pattern is expected to exhibit a quasi-regular bidimensional array of either holes
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Figure C.2: (a): Optical image of a polyethylene replica produced by using a
stainless steel master laser machined at AlphaNov and showing a quasi-regular
array of ripples (LIPSS). (b): Topographic map of the same sample obtained
by ShFM. Note that the blue colour in panel (a) is due to the use of a filter in
the microscope setup and that image contrast has been artificially enhanced in
order to highlight the surface features.

or cones, which is fairly well reproduced in the maps shown in panel (a) and (b).

Several selected roughness parameters evaluated for all investigated samples
and based on the analysis of several repeated scans are summarised in table C.1
along with the pattern periodicity (different samples are indicated by a letter
chosen coherently with the legends in fig. C.3). In general terms, results are
similar to those typically derived in the analysis of laser textured stainless steel
substrates and the pattern periodicity is in agreement with the design value for
the specific laser processing strategies adopted.

Owing to the non homogeneous distribution of surface features typical of laser
processing, it is clear that a reliable assessment of the replication quality requires
analysing the topography of the same regions in the master and the replica. This
is a hard task from the experimental point of view, since it is not straightforward
to position the microscope probe on the same regions of different samples with
an accuracy sufficient for the purpose. The ShFM setup is indeed equipped with
optical imaging systems offering a maximum spatial resolution on the order of 1
µm and intended to help in positioning the probe, but the consequently limited
field of view (on the order of hundreds of micrometers) makes possible to fully
exploit such capability only in the case a morphological reference, clearly visible
in optical images, can be found nearby the scanned region.
Due to the large size of the samples, it was not possible to use their borders as
the reference. However, for sample d (see fig. C.2 only, several microscopic mor-
phological defects could be spotted on the surface of both master and replica.
In some cases, such defects turned suitable for positioning the probe, hence for
scanning similar regions of master and probe, with a positional accuracy evalu-
ated on the order of 10 µm, or better, based on the sharpness of the identified
defects and on the spatial resolution of the optical imaging system.
Roughness parameters obtained from relevant ShFM maps turned out similar
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Figure C.3: Topographic maps obtained by ShFM scans of different polyethy-
lene replica produced by using different laser textured masters, produced at
Stuttgart by using the DLIP technique (panels (a)-(c)) and at AlphaNov with
the conventional laser scanning approach (panels (d), (e)). For samples in (a)
and (b), a bidimensional array is attained. Note that the ShFM scan directions
were chosen in order to be at roughly 45 deg off the directions of the textured
pattern, which therefore appears with a rhomboidal shape.

Parameter Sample a Sample
b

Sample c Sample
d

Sample e

Avg roughness Sa
[nm]

49±7 52±5 72±9 48±4 44±8

RMS roughness
Sq [nm]

61±9 66±6 92±11 61±6 58±8

Max height Sz
[µm]

0.42±0.06 0.45±0.05 0.66±0.09 0.47±0.06 0.43±0.07

Max peak height
Sp [µm]

0.19±0.04 0.23±0.04 0.35±0.07 0.29±0.06 0.29±0.06

Max valley depth
Sv [µm]

0.22±0.03 0.21±0.04 0.30±0.04 0.18±0.02 0.18±0.02

Pattern
periodicity λ [µm]

0.84±0.02 0.84±0.02 0.84±0.02 0.89±0.02 0.89±0.02

Table C.1: Summary of roughness parameters and pattern periodicities found
in the analysis of the polyethylene replica of textured stainless steel surfaces.
Error bars are evaluated from the standard deviation of different scans on the
same sample (total investigated surface was above 105 µm2).

in the order of magnitude, although roughness in the replica was systematically
found slightly larger than in the master. For instance, the average (arithmetic
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mean) roughness was Sa = (32 ± 8) nm and Sa = (44 ± 9) nm, in master and
replica, respectively. A larger discrepancy was found in other parameters, for
instance the maximum height Sz, representative of the occurrence of protrusions
in the scanned regions: it was found Sz = (0.35±0.08) µm and Sz = (0.52±0.09)
µm, for master and replica, respectively1.
The larger roughness for the replica than for the master could sound counterin-
tuitive, since one could expect that replicated surfaces should exhibit a smaller
topographical range. The finding can however be explained by the mentioned
occurrence of sparse bubbles, or bumps, found on the replica surface. Further
efforts will be devoted to identify additional surface areal parameters suitable
to limit the effect due to such debris-like features in the metrological charac-
terisation of the surface. Furthermore, in the present analysis the master was
investigated after its use. Although the scanned regions were cleaned through
immersion in acetone, the residual presence of a material layer, coming either
from the polymer or from an additional film used to favour substrate detach-
ment at the end of the injection moulding process, could not be ruled out. Such
a layer could obviously reduce the topographical dynamics measured in the mas-
ter.
Finally, since a relevant figure of merit in view of applications is related to
the homogeneity over all the substrate surface (whose area is of several tens of
squared centimetres, huge compared to the typical size of a microscopy image),
a specific diagnostics was conceived, realised, and applied in order to have a
preliminary and qualitative assessment of such a figure of merit.
The idea behind the diagnostics is that the presence of regular patterns lead to
diffraction effects when the surface is irradiated with coherent light. Since the
substrate material, polyethylene, is not transparent in the visible spectral range
(actually, it is hazy), diffraction has been observed in a reflection (backscatter)
configuration, thanks to the non negligible reflectivity of the material. In par-
ticular, a laser beam (473 nm wavelength, power 0.6 mW, diameter 1.3 mm)
was sent onto the replica surface at the right angle. In such conditions, and
assuming a pattern periodicity of around 0.9 µm, as derived from the ShFM
analyses, the first order diffraction occurs at around 32 deg. Indeed, a weak
beam was found in the retroreflection at such an angle, clearly visible by the
naked eye in the conditions of the experiment.
Intensity of the diffracted beam depends on several factors, including the sur-
face topographical features. In fact, according to optics, diffraction stems from
the interference of portions of the impinging beam diffracted by portions of the
surface. In other words, the intensity of the diffracted beam is an indirect mon-
itor of the surface homogeneity, able to provide at least qualitative information
on that quantity with a spatial resolution similar to the laser beam diameter,
i. e. adequate to investigate the whole patterned surface.
A detector was placed at the above mentioned angle, accepting radiation within
the (32±3) deg range due to its finite size. The diffracted intensity was then
acquired while scanning the sample over approximately its entire surface (ac-
tual scan size was 42 mm × 54 mm), Scanning was accomplished automatically
along one direction, with the help of a motorised linear translator, and manually
along the other one, with the help of a micrometric translator. The resulting

1Note that the comparatively larger uncertainties with respect to table C.1 are due to the
analysis of comparatively smaller regions, whose area was below 104 µm2.
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data have been plotted obtaining the maps shown as an example in fig. C.4,
referred to all considered samples.
Such maps can be retained as a visual mean to ascertain homogeneity of the
patterns found on the replica surface. In case of a completely uniform spatial
distribution of the surface features, in terms of both spacing and height, the
map would appear as uniform. On the contrary, the diffracted intensity shows
non negligible variations, whose origin is likely related to the uniformity of the
whole replication process, hence involving regularity of both laser textured mas-
ter and injection moulding process. Further work will be devoted to investigate
such aspects, while trying to derive more quantitative information.
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Figure C.4: Maps of the diffracted intensity produced as described in the text.
Different panels report data for different samples, labelled as in fig. C.3. Note
that the diffracted intensity, shown in false colours, has been normalised to
the signal due to diffuse substrate reflection, which has been captured from the
regions corresponding to one of the pullers (visible as a circle on top of the maps).
Note also that, in the case of samples (a) and (b), diffraction has been measured
along one of the two directions of the patterns: maps built collecting diffraction
along the mutually orthogonal direction do not show striking differences.
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[160] Vadillo-Rodŕıguez, V., Busscher, H. J., Norde, W., De Vries, J., Dijkstra,
R. J., Stokroos, I., & Van Der Mei, H. C. (2004). Comparison of atomic force
microscopy interaction forces between bacteria and silicon nitride substrata
for three commonly used immobilization methods. Applied & Environmental
Microbiology, 70(9), 5441-5446.

[161] Carniello, V., Peterson, B. W., van der Mei, H. C., & Busscher, H.
J. (2018). Physico-chemistry from initial bacterial adhesion to surface-
programmed biofilm growth. Advances in Colloid and Interface Science, 261,
1-14.

[162] Berne, C., Ellison, C. K., Ducret, A., & Brun, Y. V. (2018). Bacterial
adhesion at the single-cell level. Nature Reviews Microbiology, 16(10), 616.



BIBLIOGRAPHY 169

[163] Gut, I. M., Bartlett, R. A., Yeager, J. J., Leroux, B., Ratnesar-Shumate,
S., Dabisch, P., & Karaolis, D. K. (2016). Extraction of aerosol-deposited
Yersinia pestis from indoor surfaces to determine bacterial environmental
decay. Applied and Environmental Microbiology, 82(9), 2809-2818.

[164] Tuson, H. H., & Weibel, D. B. (2013). Bacteria-surface interactions. Soft
Matter, 9(17), 4368-4380.

[165] Vaccari, L., Allan, D. B., Sharifi-Mood, N., Singh, A. R., Leheny, R. L., &
Stebe, K. J. (2015). Films of bacteria at interfaces: three stages of behaviour.
Soft Matter, 11(30), 6062-6074.

[166] McClaine, J. W., & Ford, R. M. (2002). Reversal of flagellar rotation
is important in initial attachment of Escherichia coli to glass in a dynamic
system with high-and low-ionic-strength buffers. Applied and Environmental
Microbiology, 68(3), 1280-1289.

[167] Hermansson, M. (1999). The DLVO theory in microbial adhesion. Colloids
and Surfaces B: Biointerfaces, 14(1-4), 105-119.

[168] Van der Westen, R., Sjollema, J., Molenaar, R., Sharma, P. K., Van der
Mei, H. C., & Busscher, H. J. (2018). Floating and tether-coupled adhesion
of bacteria to hydrophobic and hydrophilic surfaces. Langmuir, 34(17), 4937-
4944.

[169] Wang, H., Sodagari, M., Chen, Y., He, X., Newby, B. M. Z., & Ju, L. K.
(2011). Initial bacterial attachment in slow flowing systems: effects of cell
and substrate surface properties. Colloids and Surfaces B: Biointerfaces,
87(2), 415-422.

[170] Olsson, A. L., van der Mei, H. C., Busscher, H. J., & Sharma, P. K. (2010).
Novel analysis of bacterium-substratum bond maturation measured using a
Quartz Crystal Microbalance. Langmuir, 26(13), 11113-11117.

[171] Prystopiuk, V., Feuillie, C., Herman-Bausier, P., Viela, F., Alsteens, D.,
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